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I 
Abstract 
Nitrous oxide (N2O) is not only a potent greenhouse gas with approximately 300 times global 
warming potential of carbon dioxide (CO2), but it is also a major sink for stratospheric ozone. 
Wastewater treatment systems are a recognized source of N2O. During biological wastewater 
treatment, N2O is mainly generated from biological nitrogen removal (BNR), which involves both 
nitrification and denitrification. Recently, ammonia-oxidizing bacteria (AOB) are identified as the 
major contributor to N2O production in wastewater treatment plants. However, the mechanisms of 
N2O production by AOB are still not fully understood. This thesis aims to experimentally assess 
and mathematically model the effect of several key operational parameters on N2O production by 
AOB as well as the contributions of different N2O production pathways to total N2O emission. 
 
In order to achieve the aim, a nitrifying culture comprising primarily AOB and nitrite oxidizing 
bacteria (NOB) was enriched in a sequencing batch reactor (SBR). The reactor was fed with 
synthetic water containing 1 g N/L ammonium (NH4
+) and performed complete nitrification with 
100% conversion of NH4
+ to nitrate (NO3
-). This thesis firstly investigated the effect of dissolved 
oxygen (DO) on the N2O production by the enriched nitrifying sludge. On this occasion nitrite 
accumulation was minimised by augmenting nitrite (NO2
-) oxidation through the addition of an 
enriched NOB sludge into the batch reactor. It was demonstrated that the specific N2O production 
rate (N2OR) increased from 0 to 1.9 ± 0.09 (n=3) mg N/hr/g VSS with an increase of DO 
concentration from 0 to 3.0 mg O2/L, whereas the N2O emission factor (the ratio between N2O 
nitrogen emitted and the ammonium nitrogen converted) decreased from 10.6 ± 1.7% (n=3) to 2.4 ± 
0.1% (n=3). The site preference measurements, which is calculated as the difference between 
central and terminal nitrogen isotopomer signatures in N2O molecule, indicated that both the AOB 
denitrification and hydroxylamine (NH2OH) oxidation pathways contributed to N2O production, 
and DO had an important effect on the relative contributions of the two pathways. This finding is 
supported by analysis of the process data using an N2O model integrating both pathways. As DO 
increased from 0.2 to 3.0 mg O2/L, the contribution of AOB denitrification decreased from 92% − 
95% to 66% − 73%, accompanied by a corresponding increase in the contribution by the NH2OH 
oxidation pathway. 
  
 
II 
 
The combined effect of NO2
- and DO on N2O production by AOB was further studied using the 
enriched nitrifying culture. At each investigated DO level, both the biomass specific N2O 
production rate and the N2O emission factor increased as NO2
- concentration increased from 3 mg 
N/L to 50 mg N/L. However, at each investigated NO2
- level, the maximum biomass specific N2O 
production rate occurred at DO of 0.85 mg O2/L, while the N2O emission factor decreased as DO 
increased from 0.35 to 3.5 mg O2/L. The analysis of the process data using the two-pathway N2O 
model indicated that the contribution of AOB denitrification pathway increased as NO2
- 
concentration increased, but decreased as DO concentration increased, accompanied by a 
corresponding change in the contribution of NH2OH oxidation pathway to N2O production. The 
AOB denitrification pathway was predominant in most cases, with the NH2OH oxidation pathway 
making a comparable contribution only at high DO level (e.g. 3.5 mg O2/L).  
 
The effect of inorganic carbon (IC) on N2O production by AOB was also investigated using the 
enriched nitrifying culture over a concentration range of 0 – 12 mmol C/L, encompassing typical IC 
levels in wastewater treatment reactors. Batch experiments were conducted with continuous CO2 
stripping or at controlled IC concentrations. The results revealed a linear relationship between 
N2OR and IC concentration (R
2 = 0.97) within the IC range studied, suggesting a substantial effect 
of IC on N2O production by AOB. Similar results were also obtained with another AOB culture 
treating anaerobic sludge digestion liquor. The fundamental mechanism responsible for this 
dependency is unclear; however, in agreement with previous studies, it was observed that the 
ammonia oxidation rate (AOR) was also influenced by the IC concentration, which could be well 
described by the Monod kinetics. These resulted in an exponential relationship between N2OR and 
AOR, as previously observed in experiments where AOR was altered by varying dissolved oxygen 
and ammonia concentrations. It is therefore possible that IC indirectly affected N2OR by causing a 
change in AOR. The observation in this study indicates that alkalinity (mostly contributed by IC) 
could be a significant factor influencing N2O production and should be taken into consideration in 
estimating and mitigating N2O emissions in wastewater treatment systems. 
 
  
 
III 
None of the existing N2O models are able to capture N2O dynamics caused by the variation of IC 
concentration revealed in this study. A mathematical model that describes the effect of IC on N2O 
production by AOB is developed and experimentally validated. The IC effect is considered by 
explicitly including the AOB anabolic process in the model, which is coupled to the catabolic 
process with the use of the Adenosine triphosphate (ATP) and Adenosine diphosphate (ADP) pools. 
The calibration and validation of the model were conducted using experimental data obtained with 
two independent cultures, including a full nitrification culture and a partial nitritation culture. The 
model satisfactorily describes the N2O data from both systems at varying IC concentrations. This 
new model further enhances our ability to predict N2O production by AOB in wastewater treatment 
systems under varying IC conditions. 
 
By conducting side-by-side comparison of the two single-pathway models with experimental data 
reported in literature, it has been demonstrated that none of the single-pathway models can 
reproduce all the N2O data, probably due to the fact that the two pathways are affected by 
operational conditions differently. The two-pathway N2O model help to understand the metabolic 
mechanism of N2O pathways and enhanced our ability to estimate N2O emission under various 
conditions, but the previously proposed single-pathway models have more simplified structure and 
fewer parameters to calibrate, which bring convenience to implication. Therefore, this thesis tests 
the predictive ability of two single-pathway models based on the AOB denitrification pathway and 
the NH2OH oxidation pathway, respectively, to describe the N2O data generated by the well-
established N2O model that incorporates both pathways and provides theoretical guidance on how 
to use these two single-pathway models as well as the two-pathway model under various conditions. 
The modeling results suggested that (1) The model based on the AOB denitrification pathway 
should be used under the conditions with constant DO concentration and applied either at low DO 
concentration (< 0.5 mg O2/L) with any non-inhibitory NO2
- concentration or at higher DO (≥ 0.5 
mg O2/L) with relatively high NO2
- but non-inhibitory concentration (≥ 1.0 mg N/L); (2) The model 
based on the NH2OH oxidation pathway can be applied under the conditions of relatively high DO 
concentration (≥ 1.5 mg O2/L) with any non-inhibitory NO2- concentration; (3) under other 
conditions, the two-pathway model should be applied. 
  
 
IV 
 
The above listed findings experimentally reveal the effect of several key factors on N2O production 
by AOB and mathematically identified the shift of N2O production pathways under varying 
operational conditions, which would potentially be beneficial for the design and operation of full-
scale wastewater treatment plant with the aim of N2O mitigation. However, advanced techniques 
like matatranscriptonmics are essential to provide solid evidences for the source identification of 
N2O production by AOB in further studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
V 
Declaration by author 
This thesis is composed of my original work, and contains no material previously published or 
written by another person except where due reference has been made in the text. I have clearly 
stated the contribution by others to jointly-authored works that I have included in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional editorial 
advice, and any other original research work used or reported in my thesis. The content of my thesis 
is the result of work I have carried out since the commencement of my research higher degree 
candidature and does not include a substantial part of work that has been submitted to qualify for 
the award of any other degree or diploma in any university or other tertiary institution. I have 
clearly stated which parts of my thesis, if any, have been submitted to qualify for another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the University Library and, 
subject to the General Award Rules of The University of Queensland, immediately made available 
for research and study in accordance with the Copyright Act 1968. 
 
I acknowledge that copyright of all material contained in my thesis resides with the copyright 
holder(s) of that material. Where appropriate I have obtained copyright permission from the 
copyright holder to reproduce material in this thesis. 
 
 
 
 
 
 
 
  
 
VI 
Publications during candidature 
Peer-reviewed journal papers 
 Peng, L., Ni, B.J., Erler, D., Ye, L., Yuan, Z. (2014) The effect of dissolved oxygen on N2O 
production by ammonia-oxidizing bacteria in an enriched nitrifying sludge. Water Research, 
66: 12-21.  
 Peng, L., Ni, B.J., Ye, L., Yuan, Z. (2015) The combined effect of dissolved oxygen and 
nitrite on N2O production by ammonia oxidizing bacteria in an enriched nitrifying sludge. 
Water Research, 73: 29-36. 
 Peng, L., Ni, B.J., Ye, L., Yuan, Z. (2015) N2O production by ammonia oxidizing bacteria 
in an enriched nitrifying sludge linearly depends on inorganic carbon concentration. Water 
Research, 74: 58-66. 
 Peng, L., Ni, B.J., Ye, L., Yuan, Z. (2015) Selection of mathematical models for N2O 
production by ammonia oxidizing bacteria under varying dissolved oxygen and nitrite 
concentrations. Submitted to Water Research. 
 Peng, L., Ni, B.J., Law, Y., Yuan, Z. (2015) Modeling N2O production by ammonia 
oxidizing bacteria at varying inorganic carbon concentrations by coupling the catabolic and 
anabolic processes. Submitted to Environmental Science and Technology. 
 Ni, B. J., Peng, L., Law, Y, Guo, J. and Yuan, Z. (2014) Modeling of nitrous oxide 
production by autotrophic ammonia-oxidizing bacteria with multiple production pathways. 
Environmental Science and Technology, 48: 3916-3924.    
 
Conference presentations 
 Peng, L., Ni, B.J., Erler, D., Ye, L., Yuan, Z. (2014) The effect of dissolved oxygen on N2O 
production by ammonia-oxidizing bacteria in an enriched nitrifying sludge. In: IWA 
Specialist Conference 2014, Global Challenges: Sustainable Wastewater Treatment and 
Resource Recovery. 26-30 October, 2014, Kathmandu, Nepal.  
 Ni, B.J., Peng, L., Law, Y., Guo, J., Yuan, Z. (2014) An integrated model for nitrous oxide 
production by autotrophic ammonia-oxidizing bacteria. In: IWA Specialist Conference 
  
 
VII 
2014, Global Challenges: Sustainable Wastewater Treatment and Resource Recovery. 26-30 
October, 2014, Kathmandu, Nepal.  
 Peng, L., Ni, B.J., Liu, Y., Yuan, Z. (2015) Guideline of selecting N2O models to predict 
N2O production by ammonia oxidizing bacteria. In: 9th IWA Symposium on Systems 
Analysis and Integrated Assessment. 14-17 June, 2015, Gold Coast, Queensland, Australia. 
 Peng, L., Ni, B.J., Law Y., Yuan, Z. (2015) Modeling of N2O production by ammonia 
oxidizing bacteria: Integration of catabolism and anabolism. In: 9th IWA Symposium on 
Systems Analysis and Integrated Assessment. 14-17 June, 2015, Gold Coast, Queensland, 
Australia. 
 
Publications included in this thesis 
Peng, L., Ni, B.J., Erler, D., Ye, L., Yuan, Z. (2014) The effect of dissolved oxygen on N2O 
production by ammonia-oxidizing bacteria in an enriched nitrifying sludge. Water Research, 66: 12-
21.   –incorporated as Appendix A.  
Contributor Statement of contribution 
Author Peng, L. (Candidate) 
Peng, L. established the research methodology, conducted all 
experiments, completed the model-based analysis and composed 
the content of manuscript from initial draft to final submission. 
(70%) 
Author Ni, B.J. 
Ni, B.J. participated in the discussion of research methodology 
and model-based analysis and made comments on the manuscript. 
(10%) 
Author Erler, D. Erler, D. conducted the isotopic measurement. (5%) 
Author Ye, L. 
Ye, L. participated in the discussion of research methodology and 
made comments on the manuscript. (5%) 
Author Yuan, Z. 
Yuan Z. advised on experimental design, and critically reviewed 
the paper. (10%) 
 
  
 
VIII 
Peng, L., Ni, B.J., Ye, L., Yuan, Z. (2015) The combined effect of dissolved oxygen and nitrite on 
N2O production by ammonia oxidizing bacteria in an enriched nitrifying sludge. Water Research, 
73: 29-36. –incorporated as Appendix B.    
Contributor Statement of contribution 
Author Peng, L. (Candidate) 
Peng, L. established the research methodology, conducted all 
experiments, completed the model-based analysis and composed 
the content of manuscript from initial draft to final submission. 
(70%) 
Author Ni, B.J. 
Ni, B.J. participated in the discussion of research methodology 
and model-based analysis and made comments on the manuscript. 
(10%) 
Author Ye, L. 
Ye, L. participated in the discussion of research methodology and 
made comments on the manuscript. (5%) 
Author Yuan, Z. 
Yuan Z. advised on experimental design, and critically reviewed 
the paper. (15%) 
 
Peng, L., Ni, B.J., Ye, L., Yuan, Z. (2015) N2O production by ammonia oxidizing bacteria in an 
enriched nitrifying sludge linearly depends on inorganic carbon concentration. Water Research, 74: 
58-66.–incorporated as Appendix C.   
Contributor Statement of contribution 
Author Peng, L. (Candidate) 
Peng, L. established the research methodology, conducted all 
experiments, and composed the content of manuscript from initial 
draft to final submission. (70%) 
Author Ni, B.J. 
Ni, B.J. participated in the discussion of research methodology 
and made comments on the manuscript. (10%) 
Author Ye, L. 
Ye, L. participated in the discussion of research methodology. 
(5%) 
Author Yuan, Z. 
Yuan Z. advised on experimental design, and critically reviewed 
the paper. (15%) 
 
  
 
IX 
Peng, L., Ni, B.J., Ye, L., Yuan, Z. (2015) Selection of mathematical models for N2O production 
by ammonia oxidizing bacteria under varying dissolved oxygen and nitrite concentrations. 
Submitted to Water Research. –incorporated as Appendix D.    
Contributor Statement of contribution 
Author Peng, L. (Candidate) 
Peng, L. established the research methodology, conducted the 
model simulations and composed the content of manuscript from 
initial draft to final submission. (70%) 
Author Ni, B.J. 
Ni, B.J. participated in the discussion of research methodology 
and model simulation and made comments on the manuscript. 
(10%) 
Author Ye, L. 
Ye, L. participated in the discussion of research methodology. 
(5%) 
Author Yuan, Z. 
Yuan Z. advised on research methodology, and critically 
reviewed the paper. (15%) 
 
Peng, L., Ni, B.J., Law, Y., Yuan, Z. (2015) Modeling N2O production by ammonia oxidizing 
bacteria at varying inorganic carbon concentrations by coupling the catabolic and anabolic 
processes. Submitted to Environmental Science and Technology.–incorporated as Appendix E.   
Contributor Statement of contribution 
Author Peng, L. (Candidate) 
Peng, L. established the research methodology, conducted the 
model evaluation and composed the content of manuscript from 
initial draft to final submission. (70%) 
Author Ni, B.J. 
Ni, B.J. participated in the discussion of research methodology 
and model developement and made comments on the manuscript. 
(10%) 
Author Law, Y. Law, Y. collected part of experimental data. (5%) 
Author Yuan, Z. 
Yuan Z. advised on research methodology, and critically 
reviewed the paper. (15%) 
 
 
 
  
 
X 
Contributions by others to the thesis 
This thesis includes contributions made by others, particularly in the chemical analysis of 
wastewater and reactor samples. These contributions are acknowledged as follows: 
 Dr. Beatrice Keller-Lehmann, Jianguang Li and Nathan Clayton operated Flow Injection 
Analyzer (FIA) and Total Organic Carbon Analyzer (TOC). 
 
Statement of parts of the thesis submitted to qualify for the award of another 
degree 
None.  
  
 
XI 
Acknowledgements 
First and foremost, I would like to express my sincere gratitude to my principal advisor Prof. 
Zhiguo Yuan. Without his support during application, I might not have the opportunity to join 
AWMC the world leading academic centre. During the past three and a half years, I have learned a 
lot from his professional ability in scientific thinking and writing, his rigorous attitude towards 
research and his passion and enthusiasm for science.   
 
I would like to deeply thank my co-advisor, Dr Liu Ye for teaching me lab skills, helping me 
develop experimental methodology and guiding me throughout my PhD. I would like to extend my 
special gratitude to my co-advisor, Dr Bing-Jie Ni, who educated me with mathematical modeling, 
supported me during the toughest period and enriched my spare time with wonderful soccur games. 
 
My sincere thanks also go to my mentor Dr. Yingyu Law for her help in the lab. To Dr. Yuting Pan 
who taught me how to use microsensors and has been a constant support of my study. To Andrew 
Laloo for helping me with pryosequencing analysis. Especially to Shuhong Gao for being my work 
neighbor, providing me help on research and sharing my fruastration and happiness.  
 
I am grateful to the AWMC academics, researchers, laboratory staff, administrative staffs, students 
who gave so generously their support and kindness. Thanks to them for making the centre an 
enjoyable and fun place to work. I thank all my friends in Australia and China. Their continued 
friendship and love have made my life full of happiness.  
 
I am grateful to the generous financial supports from China Scholarship Council. I also thank 
Advanced Water Management Centre for topping up the scholarship. This study was funded by the 
Australian Research Council and The University of Queensland.  
 
Last but not least, I would to thank my dearest parents for raising me, loving me and teaching me 
the wisdom of life. Your guidance and support have allowed me to face all the challenges bravely 
and never give up.  
  
 
XII 
Keywords 
Wastewater treatment, nitrous oxide, ammonia oxidizing bacteria, dissolved oxygen, nitrite, 
inorganic carbon, AOB denitrification pathway, hydroxylamine oxidation pathway, mathematical 
modeling  
 
Australian and New Zealand standard research classifications (ANZSRC) 
ANZSRC code: 090703 Environmental Technologies, 50% 
ANZSRC code: 090409 Wastewater Treatment Processes, 50% 
 
Fields of research (FoR) classification 
FoR code: 0907 Environmental Engineering 50% 
FoR code: 1002 Environmental Biotechnology 50% 
  1 
Table of Contents 
Declaration by author ....................................................................................................................... V 
Publications during candidature ................................................................................................... VI 
Publications included in this thesis ............................................................................................... VII 
Contributions by others to the thesis............................................................................................... X 
Statement of parts of the thesis submitted to qualify for the award of another degree ............. X 
Acknowledgements.......................................................................................................................... XI 
Keywords ........................................................................................................................................ XII 
Australian and New Zealand standard research classifications (ANZSRC) ............................ XII 
Fields of research (FoR) classification ......................................................................................... XII 
List of Figures & Tables .................................................................................................................... 4 
Glossary and Abbreviations .............................................................................................................. 5 
Chapter 1 Introduction ...................................................................................................................... 8 
1.1 Background ............................................................................................................................................ 8 
1.2 Thesis Objectives - general ................................................................................................................... 9 
1.3 Thesis Organization ............................................................................................................................ 10 
Chapter 2 Literature Review .......................................................................................................... 11 
2.1 Overview of greenhouse gases ............................................................................................................ 11 
2.1.1 What is a greenhouse gas? ............................................................................................................. 11 
2.1.2 The rapid rise of greenhouse gas emissions ................................................................................... 11 
2.2 N2O productions and emissions in wastewater treatment processes .............................................. 12 
2.2.1 Biological nitrogen removal .......................................................................................................... 12 
2.2.2 N2O emission from full-scale wastewater treatment plants (WWTPs) .......................................... 13 
2.3 The mechanism of N2O production ................................................................................................... 14 
2.3.1 N2O production by AOB ................................................................................................................ 14 
2.3.2 Other N2O production pathways .................................................................................................... 16 
2.4 Key process conditions affecting N2O production by AOB ............................................................. 17 
2.4.1 The impact of DO on N2O production by AOB ............................................................................. 17 
2.4.2 The impact of nitrite on N2O production by AOB ......................................................................... 21 
2.4.3 Other factors affecting N2O production by AOB ........................................................................... 22 
2.5 Modeling N2O production during BNR............................................................................................. 23 
  2 
2.5.1 Activated Sludge Models ............................................................................................................... 23 
2.5.2 Modeling of N2O production by denitrifiers .................................................................................. 24 
2.5.3 Modeling of N2O Production by AOB ........................................................................................... 24 
2.6 Mitigation strategies for N2O emissions during wastewater treatment ......................................... 27 
2.7 Summary .............................................................................................................................................. 28 
Chapter 3 Thesis Overview ............................................................................................................. 29 
3.1 Research objectives ............................................................................................................................. 29 
3.1.1 To further clarify the effect of DO on N2O production by AOB in an enriched nitrifying sludge 29 
3.1.2 To fully clarify the combined effect of DO and NO2- on N2O production by AOB using an 
enriched nitrifying culture ...................................................................................................................... 30 
3.1.3 To clarify the effect of IC on N2O production by AOB in an enriched nitrifying cultrue ............. 30 
3.1.4 To develop a new N2O model incorporating anabolic and catabolic processes of AOB ............... 30 
3.1.5 To identify the applicable regions for single-pathway N2O models according to operational 
conditions (DO and NO2- concentrations). ............................................................................................. 31 
3.2 Research methods ................................................................................................................................ 31 
3.2.1 Culture enrichment and reactor operation ...................................................................................... 31 
3.2.2 One-line and off-line data collection from batch tests ................................................................... 32 
3.2.3 Method for maintaining constant ammonium and IC levels .......................................................... 34 
3.2.4 Batch tests to determine N2O production and/or consumption by the heterotrophic bacteria in the 
enriched AOB+NOB cultures ................................................................................................................. 35 
3.2.5 Batch tests to determine the true effect of DO on N2O production by AOB ................................. 35 
3.2.6 Batch tests to determine the combined effect of DO and nitrite on N2O production by AOB ...... 36 
3.2.7 Batch tests to determine the effect of IC on N2O production by AOB .......................................... 37 
3.2.8 Isotopic measurement .................................................................................................................... 39 
3.2.9 Modelling of N2O production by AOB .......................................................................................... 40 
3.3 Research outcomes .............................................................................................................................. 41 
3.3.1 The effect of dissolved oxygen on N2O production by ammonia-oxidizing bacteria in an enriched 
nitrifying sludge ...................................................................................................................................... 42 
3.3.2 The combined effect of dissolved oxygen and nitrite on N2O production by ammonia oxidizing 
bacteria in an enriched nitrifying sludge ................................................................................................. 44 
3.3.3 N2O production by ammonia oxidizing bacteria in an enriched nitrifying sludge linearly depends 
on inorganic carbon concentration .......................................................................................................... 46 
3.3.4 Modeling N2O production by ammonia oxidizing bacteria at varying IC concentrations by 
coupling anabolic and catabolic processes ............................................................................................. 47 
3.3.5 Modeling of N2O production by ammonia oxidizing bacteria: single-pathway or two-pathway 
models? ................................................................................................................................................... 49 
Chapter 4 Conclusions and Future Work...................................................................................... 54 
  3 
4.1 Main conclusions of the thesis ............................................................................................................ 54 
4.2 Recommendations for future research .............................................................................................. 55 
References ......................................................................................................................................... 56 
Appendix A ....................................................................................................................................... 66 
Appendix B ..................................................................................................................................... 102 
Appendix C ..................................................................................................................................... 130 
Appendix D ..................................................................................................................................... 160 
Appendix E ..................................................................................................................................... 194 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  4 
List of Figures & Tables 
Figure 1: Nitrogen transformation in AOB, NOB and denitrifiers (modified from Kim, et al., 2010)  
Figure 2. Reaction schemes in the three N2O models. 
Figure 3. Relationships between (a) AOR and DO, (b) N2OR and DO, (c) N2OR and AOR and (d) 
the N2O emission factor and DO detected in batch tests (error bars in all plots are standard deviation, 
n=3). 
Figure 4. The site estimated relative contributions of the two pathways for N2O production under 
varying DO concentrations. 
Figure 5. The biomass specific N2O production rates and N2O emission factors under various DO 
and NO2
- concentrations. 
Figure 6. Model-predicted relative contributions of each pathway to N2O production under various 
DO and NO2
- concentrations. 
Figure 7. The experimentally observed relationships between N2ORsp and IC, and the linear 
regression results in both nitrifying and nitritation reactors. 
Figure 8. The experimentally observed and model-fitted relationships between (a) AORsp and IC, 
(b) N2ORsp and AORsp in the nitrifying reactor (experimental data from CO2-striping batch tests, ; 
experimental data from IC-constant batch tests, ; model fit, —; predicted 95% confidence bound, 
---). 
Figure 9. Simplified representation of the biochemical reactions associated with N2O production by 
AOB, coupled with electron and energy transportation. 
Figure 10. Model evaluation results using the N2O production data from a Nitrification System. 
Figure 11. Summary of applicable regions for the AOB denitrification model, the NH2OH 
oxidation model and the two-pathway model under various DO and NO2
- concentrations. 
Table 1. Summary of previous studies on the effect of DO on N2O production by nitrifying cultures. 
Table 2. Experimental conditions applied in the batch tests. 
 
 
 
 
 
  5 
Glossary and Abbreviations 
ADP  Adenosine diphosphate 
Anammox       anaerobic ammonium oxidation 
ANOVA  Analysis of variance 
AMO  Ammonia mono-oxygenase  
AMP  Adenosine monophosphate 
AOB  Ammonia oxidizing bacteria 
AOR  Ammonia oxidation rate 
AORsp  Biomass specific ammonia oxidation rate  
ASM1  Activated Sludge Model No.1 
ASM2  Activated Sludge Model No.2 
ASM2d  Activated Sludge Model No.2d 
ASM3  Activated Sludge Model No.3 
ASMN  Activated Sludge Model for Nitrogen 
ATP  Adenosine triphosphate 
BNR  Biological nitrogen removal  
CBB   Calvin-Benson-bassham 
CFCs               Chlorofluorocarbons 
CH4  Methane 
CO2  Carbon dioxide 
COD  Chemical oxygen demand 
Copper (II) Cu2+  
DO  Dissolved oxygen 
FA     Free ammonia 
FIA  Flow-injection analyzer 
FISH   Fluorescence in situ hybridization  
FNA  Free nitrous acid  
GAOs              Glycogen-accumulating organisms 
GHG               Greenhouse gas   
GWP            Global warming potential  
HAO  Hydroxylamine oxidoreductase 
HCFCs Hydrochlorofluorocarbons  
HRT  Hydraulic retention time 
H2S  Hydrogen sulfide 
IPCC  Intergovernmental Panel on Climate Change 
  6 
IC                    inorganic carbon  
KLa  Volumetric oxygen mass transfer coefficient  
MLSS  Mixed liquor suspended solids  
MLVSS  Mixed liquor volatile suspended solids 
MLE                Modified Ludazack-Ettinger 
mRNA  Messenger ribonucleic acid  
Nar    Nitrate reductase  
NGGI             National Greenhouse Gas Inventory  
NH2OH           Hydroxylamine 
NH3   Ammonia  
NH4
+    Ammonium  
NirK  Nitrite reductase  
NirS  Nitrite reductase   
NO  Nitric oxide  
N2O   Nitrous oxide 
N2OR              N2O production rate 
N2ORsp   Biomass specific N2O production rate 
NO2
-   Nitrite   
NO3
-  Nitrate  
NOB  Nitrite-oxidising bacteria  
NOH               Nitroxyl radical  
Nor  Nitric oxide reductase 
NorS    Nitric oxide reductase      
Nos  Nitrous oxide reductase 
O2  Oxygen 
OUR  Oxygen uptake rate 
PLC                 Programmable logic controller 
ppm  Parts per million   
ppmv               Parts per million volume 
ppbv                Parts per billion volume 
SBR  Sequencing batch reactor 
SF6        Sulphur hexafluoride 
SP  Site preference 
SRT             Sludge retention time 
WWTP Wastewater treatment plant     
  7 
UNFCCC        United Nations Framework Convention on Climate Change  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  8 
Chapter 1 Introduction 
1.1 Background 
The nitrous oxide (N2O) concentration in global atmosphere has increased from a pre-industrial 
value of around 271 ppbv to 324 ppbv in 2011 (IPCC, 2013). The major sink of N2O in atmosphere 
is stratosphere where N2O reacts with atomic oxygen to form nitric oxide (NO), which causes the 
destruction of stratospheric ozone (Wrage et al., 2001). Nitrous oxide is also the third important 
long-lived greenhouse gas (GHG) (after carbon dioxide (CO2) and methane (CH4)), which accounts 
for 7.9% of the global anthropogenic greenhouse gas emissions in 2004, with an atmospheric 
lifetime of 131 years (IPCC, 2013). Human activity is responsible for 40-50% of the annual 
increase in N2O emissions over pre-industrial levels (IPCC, 2013). In addition, N2O is also the 
major sink for stratospheric ozone depletion (Ravishankara et al., 2009; Montzka, et al., 2010; Lane 
and Lant, 2012). 
 
Only recently, with the growing concern of global warming, has nitrous oxide production and 
emission from wastewater treatment processes come under research scrutiny. According to the 2005 
Australian National Greenhouse Gas Inventory (NGGI), the direct fugitive GHG (N2O and CH4) 
emissions from wastewater systems in Australia are significant, contributing to approximately 50% 
of the total emissions from wastewater systems. In some systems, the contribution of N2O even 
constituted three quarters of the carbon footprint of the plant (Daelman et al., 2013).  
 
During biological wastewater treatment, N2O is mainly generated from biological nitrogen removal 
(BNR).  Based on current knowledge, the N2O production pathways involve both nitrification and 
denitrification (Wrage et al., 2001). N2O is an obligate intermediate of heterotrophic denitrification 
(Wicht, 1996). Nitrification pathway includes N2O production by ammonia oxidizing bacteria 
(AOB) and heterotrophic nitrifiers. AOB have been recognized to be the main contributor to N2O 
production during wastewater treatment via two main pathways: (i) the reduction of NO2
- to N2O 
via NO, known as AOB denitrification and (ii) N2O as a side product during incomplete oxidation 
of hydroxylamine (NH2OH) to NO2
- (Kampschreur et al., 2007b; Kim et al., 2010; Yu et al., 2010; 
Chandran et al., 2011; Stein2011; Law et al., 2012a). A large variation in N2O emission factor (ratio 
between N2O nitrogen and ammonia nitrogen load) in both lab-scale (0-95%) and full-scale (0-25%) 
studies has been reported (Kampschreur et al., 2009; Law et al., 2012b), which may be due to 
different sampling methods, various types of cultures and wastewater treatment plants (WWTPs), 
and highly dynamic conditions in wastewater treatment systems. Increasing evidence shows that 
dissolved oxygen (DO), NO2
- and inorganic carbon (IC) are the three key factors influencing N2O 
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production by AOB (Tallec et al., 2006; Kampschreur et al., 2007b; Khunjar et al., 2011; Wunderlin 
et al., 2012). However, the real effects of these key parameters on N2O production by AOB is not 
clear due to their mutual interferences and the presence of heterotrophic bacteria that would 
produce/consume N2O. On account of this, it is of greater importance to investigate the impact of 
DO, nitrite and IC on N2O production by AOB.  
 
Mathematical modeling provides a method for verifying hypotheses related to mechanisms and 
triggers for N2O emissions in WWTP, and also acts as a tool to support the development of 
mitigation strategies. Based on the two known N2O pathways, several mathematical models have 
been proposed in order to evaluate the effect of process configuration and operation on N2O 
emission, including single-pathway models and a model with two pathways (Ni et al., 2013a; Ni et 
al., 2013b; Ni et al., 2014). The two-pathway model enhanced our ability to predict N2O production 
by AOB during wastewater treatment under different conditions, which has been demonstrated to 
be applicable to various cultures under different DO and NO2
- conditions (Ni et al., 2014). 
However, the single-pathway models have simpler structures and fewer parameters, which bring 
convenience to model calibration, and could be used preferably under certain conditions. The 
specific conditions under which single-pathway models could be used to replace the two-pathway 
model is yet to be identified. In addition, none of these N2O models are able to capture N2O 
dynamics caused by the variation of IC concentration, which has recently been demonstrated to be a 
significant factor influencing N2O production by AOB. A mathematical model for prediction N2O 
production under varying IC conditions would help to enhance our ability to estimate site-specific 
N2O emission from WWTPs. 
 
1.2 Thesis Objectives - general 
This Ph.D thesis aims to improve the fundamental understanding of nitrous oxide production by 
ammonia-oxidizing bacteria (AOB) in wastewater treatment systems. The general objectives of the 
two research components are: 
1. To explore the mechanisms that lead to N2O production by AOB, especially the effect of 
DO, nitrite and inorganic carbon on N2O production.  
2. To develop a comprehensive mathematical model for prediction of N2O production by 
AOB to enhance our ability to estimate site-specific N2O emission as well as the 
development of mitigation strategies. 
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1.3 Thesis Organization  
This thesis is organized into four chapters and five appendices.  
Chapter 1 gives a general introduction to the background, general objectives, and organization of 
this thesis.  
Chapter 2 presents a comprehensive literature review. Firstly, the greenhouse emission and its 
contribution to global warming are briefly reviewed. Secondly, N2O production and emission from 
wastewater treatment systems are introduced. This is then followed by the mechanism of N2O 
production. The current findings on the key operational factors affecting N2O production by AOB 
are summarized. Lastly, the mathematical modelling of N2O production by AOB as well as 
mitigation strategies are reviewed.  
Chapter 3 consists of four sections, namely Research Questions, Research Methods, Research 
Outcomes and Discussion. It provides an overview of the research undertaken as part of this thesis.  
Chapter 4 summarizes the significant conclusions achieved from this work, and the 
recommendations for future research. 
The five appendices include detailed experimental and modeling studies for the distinctive research 
objectives.  
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Chapter 2 Literature Review 
2.1 Overview of greenhouse gases  
2.1.1 What is a greenhouse gas? 
A greenhouse gas is a gas in an atmosphere that absorbs and emits radiation within the thermal 
infrared range. The primary GHGs in the Earth’s atmosphere include water vapour, CO2, CH4, N2O 
and ozone (IPCC, 2013). The greenhouse effect is a process by which surface thermal radiation 
from a planet is absorbed by GHGs and is re-radiated in all direction (IPCC, 2013). Global warming 
serves to be the primary negative consequence of greenhouse effect, which refers to the rise in the 
average earth surface temperature. Average arctic temperature arose at about twice the global 
average rate in the past 100 years, leading to widespread melting of snow on the top of mountains 
and ice sheets in polar regions followed by rising global average sea level. According to climate 
models, it is predicted that global surface temperature will increase a further 1.8 to 4.0 °C at the end 
of the 21st century (IPCC, 2007). 
 
The Kyoto Protocol is an international agreement that specifies binding commitments for 37 
industrialized countries and European community for reducing GHG emissions (UNFCCC, 2008), 
which set emission limits for six long-lived GHGs. including CO2, CH4, N2O, chlorofluorocarbons 
(CFCs), hydrochlorofluorocarbons (HCFCs) and sulphur hexafluoride (SF6) (Rosso and Stenstrom, 
2008). In order to compare these main long-lived GHGs, the Intergovernmental Panel on Climate 
Change (IPCC) has developed the concept of Global Warming Potential (GWP) (Forster et al., 
2007). This approach takes into account the global-average radiative forces for a pulse emission of 
1 kg of a given substance, relative to 1 kg of the reference compound which is CO2, integrated over 
a specific time horizon (Foley and Lant, 2011a). CH4 and N2O are notably stronger GHGs than CO2 
according to the GWP. 
 
2.1.2 The rapid rise of greenhouse gas emissions  
Among all the GHGs defined in 2.1.1, CO2, methane and N2O are largely responsible for the 
greenhouse effect. Their concentrations in global atmosphere have increased markedly as a 
consequence of human activities since 1750. The global increases in CO2 concentration result from 
fossil fuel use and land-use change, while CH4 and N2O are mainly due to agriculture (IPCC, 2013). 
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Global GHGs emissions from human activities arose by 70% since pre-industrial time from 1970 to 
2004 (IPCC, 2007). The atmospheric concentration of CO2 has increased from a pre-industrial value 
of about 280 ppmv to 390.5 ppmv on a global scale in 2011 (IPCC, 2013). The source of the 
increased CO2 primarily originates from fossil fuel use. The global atmospheric concentration of 
CH4 has increased from a pre-industrial value of about 722 ppbv to 1803 ppbv in 2011 (IPCC, 
2013). The possible sources of the increase in CH4 concentration include agriculture, fossil fuel use 
and anthropogenic activities. However, the relative contributions from different source types are 
still unclear. The N2O concentration in global atmosphere has increased from a pre-industrial value 
of around 271 ppbv to 324 ppbv in 2011. It is reported that over one third of N2O emission is 
primarily due to agriculture (IPCC, 2013). 
 
2.2 N2O productions and emissions in wastewater treatment processes 
2.2.1 Biological nitrogen removal 
Biological nitrogen removal process is the most widely practiced approach for nitrogen control 
during wastewater treatment. The traditional method for nitrogen removal from wastewater is the 
combination of nitrification and denitrification. During nitrification, ammonium (NH4
+) is first 
converted to NO2- by AOB, followed by nitrite oxidation to NO3- by nitrite oxidizing bacteria 
(NOB). Denitrification process involves a series of reductions of nitrate to dinitrogen gas (N2) with 
NO2-, NO and N2O as intermediates, carried out by denitrifiers (i.e. heterotrophic bacteria). 
 
Biological nitrogen removal process was proposed about 30 years ago but its history as full-scale 
plant is shorter (Aoi et al. 2001). It can be either an integral part of biological treatment system or 
an add-on process to an existing treatment plant. All of the biological nitrogen-removal processes 
include an aerobic zone where biological nitrification occurs. Some anoxic volume or time must 
also be included to provide biological denitrification to complete the objective of total nitrogen 
removal by both NH4
+-N oxidation and NO3
--N and NO2
--N reduction to nitrogen gas 
(Tchobanoglous et al. 2003). The type of suspended growth process for nitrogen removal can be 
categorized as: (1) preanoxic including Modified Ludzack-Ettinger (MLE) and Sequencing batch 
reactor (SBR); (2) postanoxic including Oxidation ditch and Bardenpho (4-stage); (3) simultaneous 
nitrification/denitrification including Orbal (Tchobanoglous et al. 2003). 
 
Besides the typical nitrogen removal processes shown above, some novel nitrogen removal 
processes have also been developed to treat wastewaters with high concentrations of ammonium 
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and/or low levels of organic carbon. Nitrogen removal via nitrite (NH4
+→NO2-→N2, i.e. the nitrite 
pathway), and nitritation (NH4
+→NO2-) coupled with anaerobic ammonium oxidation (Anammox) 
has attracted special attention. In comparison to traditional nitrogen removal with combination of 
nitrification and denitrification, nitrogen removal via nitrite pathway could reduce carbon and 
oxygen requirement by 40% and 25%, respectively (Pollice et al., 2002). The reduction in carbon 
requirement will be significantly beneficial for treatment of wastewater with a low chemical oxygen 
demand (COD) to nitrogen ratio.  
 
2.2.2 N2O emissions from full-scale wastewater treatment plants (WWTPs) 
As a signatory party to the United Nations Framework Convention on Climate Change (UNFCCC), 
Australia is required to publish an annual National Greenhouse Gas Inventory (NGGI) (Foley, 
2009). The wastewater treatment only contributes to 0.63% of the total national Inventory. However, 
as defined in the NGGI limits, this only includes direct emissions of CH4 and N2O. Indirect 
emissions from energy consumption and other activities are accounted for under other sectors. 
Therefore, under the UNFCCC National Greenhouse Gas Inventory context, emissions of CH4 and 
N2O from wastewater handling are underestimated. 
 
Due to rapid population growth and accelerating urbanization without corresponding development 
of sewage treatment infrastructure, CH4 and N2O emissions from WWTPs in the developing 
countries in eastern and southern Asia are generally higher than those in developed countries (Bates 
et al., 2008). Therefore, N2O emission from wastewater treatment sector has been largely ignored in 
majority of these countries due to the lack of awareness of the problem and the complexity of 
understanding it.  
 
Recently, N2O emission during wastewater treatment, especially from BNR, has attracted special 
attentions, however, the quantification of N2O production from WWTPs is still challenging. A huge 
variation (0-25%) of N2O emission factor, which is defined as the fraction of nitrogen load that is 
emitted as N2O, was observed by the full-scale studies (Kampschreur et al., 2009; Foley et al., 2010; 
Ahn et al., 2010; Ni et al., 2013a; Lane and Lant, 2012). Foley et al. (2010) surveyed seven full-
scale BNR WWTPs with different plant designs and process conditions. The N2O productions 
measured from grab samples among different WWTPs were shown to be highly variable. In recent 
years, with the development of the on-line monitoring technology, the dynamic changes in the N2O 
emissions can be captured. However, Ahn et al. (2010) reported a significant variability of N2O 
emission data from on-line measurement in twelve WWTPs across the United States. Rodriguez-
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Caballero et al., (2015) found that the N2O emissions from a full-scale SBR were highest during 
long aerated phase and mitigated by application of intermittent aeration strategy. The dynamic N2O 
emissions from an oxidation ditch (OD) system and a SBR system were described by a 
mathematical model (Ni et al., 2013a). The large variation of full-scale N2O emission data is mainly 
due to highly dynamic conditions in WWTP systems. A better understanding of the sink and source 
of N2O production as well as the affecting factors would help to estimate site-specific N2O emission 
during wastewater treatment. 
 
2.3 The mechanism of N2O production  
2.3.1 N2O production by AOB 
Autotrophic nitrification process is carried out by AOB and NOB, however, it is widely believed 
that NOB do not contribute to N2O production (Law et al., 2012a). Ammonia oxidation is a two-
step biological process: 1) ammonia (NH3) is firstly converted to NH2OH, catalysed by a membrane 
bound ammonia mono-oxygenase (AMO); 2) NH2OH is then converted to NO2
-, catalysed by a 
periplasm enzyme hydroxylamine oxidoreductase (HAO) (Chandran et al., 2011; Stein, 2011; Law 
et al., 2012a). Although N2O is not an obligatory intermediate of nitrification, it can be produced by 
AOB through two main pathways. 
 
The reduction of NO2
- to N2O via nitric oxide (NO) (AOB denitrification pathway) 
AOB denitrification involves the sequential reduction of NO2- to N2O via NO, catalyzed by a 
copper-containing NO2
- reductase  (NirK) and a haem–copper NO reductase (Nor) (Chandran et al., 
2011; Stein, 2011). However, the genes encoding N2O reductase are not found on the genome of 
AOB, indicating that N2O, rather than N2, is the end product of AOB denitrification (Law et al., 
2012b). The oxidation of NH2OH to NO2
- releases two pairs of electrons, one pair of which are 
returned to AMO to sustain NH3 oxidation. The other pair is available for NO2
- and NO reduction 
by AOB, carbon assimulation and generation of a proton gradient using O2 as terminal electron 
acceptor (Ni et al., 2011). The AOB denitrification is promoted by oxygen limitation and high 
nitrite, as revealed by both pure and enriched AOB culture studies (Bock et al., 1995; Kampschreur 
et al., 2007). 
 
N2O as a side product during incomplete oxidation of NH2OH to NO2
- (NH2OH oxidation pathway) 
The oxidation of NH2OH to NO2
- involves nitrosyl radical (NOH) or NO as the intermediates. NOH 
can decompose chemically to generate N2O (Anderson, 1964; Hooper, 1968), while NO is 
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subsequently converted to N2O by alternative NO reductases, c'-beta or other homologue NO 
reductases such as NorS (Stein et al., 2007; Chandran et al., 2011). N2O production via the NH2OH 
pathway mainly takes place under aerobic conditions and is likely favoured by high DO 
concentrations (Chandran et al., 2011; Law et al., 2012a; Law et al., 2012b). Both of the AOB 
denitrification and NH2OH oxidation pathways are depicted in Figure 1. 
 
Isotopic techniques have been used as an important tool for source-identification of N2O production 
successfully in wastewater treatment although the N2O production pathways have high variability 
and complexity (Baggs, 2008; Decock and Six, 2013). Molecules with varing distribution of 15N in 
N2O are referred to as ‘isotopomers’, i.e. molecules of the same mass in which trace isotopes are 
arranged differently (Decock and Six, 2013). Since N2O is an asymmetric molecule, a central and 
terminal N atom can be distinguished. The site-specific distribution of 15N in N2O has been 
expressed as site-preference (SP), which is calculated calculated as the difference between alpha 
and beta isotopomer signatures. SP is presumed to be independent of the precursors (Toyoda et al., 
2002). Several pure culture studies showed a large variation of SP values between AOB 
denitrification pathway (−10.7 ± 2.9 to 0.1 ± 1.7 ‰) and NH2OH oxidation pathway (30.8 ± 5.9 to 
36.3 ± 2.4 ‰) (Baggs, 2008; Frame and Casciotti, 2010; Sutka et al., 2006; Sutka et al., 2003; 
Santoro et al., 2011). 
 
The large difference of SP values between N2O from the two pathways also provides an opportunity 
to identify relative contribution of each pathway. In particular, SP value for N2O produced from 
NH2OH oxidation is 28.5 permil. SP value for AOB denitrification averaged around -2 permil. 
Based on the measured SP value, the fraction of the two pathways can be calculated (Wunderlin et 
al., 2013). Ostrom et al., (2010) reported that bacterial denitrification (including AOB 
denitrification) contributed to 52.9%-60.9% in the morning and 87.5-100% in the afternoon of N2O 
production in soil with a minor contribution from NH2OH oxidation. Wunderlin et al., (2013) found 
that most of N2O production during NH4
+ oxidation originated from nitrite reduction, while NH2OH 
oxidation played a minor role in N2O production from activated sludge in wastewater treatment 
plant. Mathematical modeling can also help to understand the metabolic mechanism of N2O 
production by AOB, which will be discussed in details in Section 2.5. 
 
  16 
 
 
 
Figure 1: Nitrogen transformation in AOB, NOB and denitrifiers (modified from Kim et al. (2010))  
 
2.3.2 Other N2O production pathways 
 Heterotrophic nitrification 
Herterotrophic nitrifiers are able to perform nitrification with organic carbon, rather than CO2, as 
the carbon source (Robertson and Kuenen, 1990). In comparison to conventional denitrifiers, 
heterotrophic nitrifying bacteria can perform denitrification under aerobic conditions (Wrage et al., 
2001). N2O is generated (as with denitrification) as an intermediate in the reduction of NO2
- to N2 
(Wrage et al., 2001). Although heterotrophic nitrification is not considered to be the main 
contributor of N2O production, it may form a significant amount of N2O under the conditions of low 
pH, high DO and availability of organic material (Papen et al., 1989; Anderson et al., 1993). 
 
Heterotrophic denitrification  
As shown in Figure 1, the complete heterotrophic denitrification consists of sequential reductions 
from NO3
- to NO2
-, NO, N2O and finally to N2, catalyzed by nitrate reductase (Nar), nitrite 
reductase (Nir: NirK or NirS), nitric oxide reductase (Nor) and nitrous oxide reductase (Nos), 
respectively. Under typical denitrifying conditions, NO and N2O reductases have higher nitrogen 
turnover than NO3
- and NO2
- reductases and thus N2O accumulation would not occur (Von 
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Schulthess et al., 1994). However, certain conditions may induce N2O accumulation during 
denitrification, including low pH (Pan et al., 2012), low COD/N ratios (Chung and Chung, 2000), 
consumption of internal storage compounds (Schalk-Otte et al., 2000), the presence of elevated 
levels of free nitrous acid (FNA) (Zhou et al., 2008) or H2S (Pan et al., 2013b), low DO 
concentrations (Tallec et al., 2008). In addition, the types of carbon sources also impact N2O 
accumulation (Lu and Chandran, 2010). 
 
Chemodenitrification 
The N2O production by chemical reaction is termed as ‘chemodenitrification’, which is a series of 
chemical decompositions of intermediates from ammonia oxidation to nitrite and chemical reactions 
of nitrite itself with organic (e.g. amine) or inorganic (e.g. mental iron or hydroxylamine) 
compounds (Wrage et al., 2001; Kampschreur et al., 2011).  
 
2.4 Key process conditions affecting N2O production by AOB 
2.4.1 The impact of DO on N2O production by AOB 
DO is a very important factor affecting N2O production in nitrification. However, contradictory 
observations have been reported in literature (Table 1). For example, Kampschreur et al. (2007b) 
reported that N2O production increased with the decrease of DO concentration and suggested that 
the decreasing DO to oxygen limiting conditions could prompt N2O production from AOB 
denitrification. Goreau et al. (1980) observed a similar dependency of N2O production on DO 
concentration. In contrast, Law et al. (2012a) found that N2O production increased with increasing 
DO levels. The high level of NO2
- (around 500 mg N/L) was later suggested to suppress the AOB 
denitrification pathway (Law et al., 2013). Therefore, the observation likely reflected the effect of 
DO on N2O production via the NH2OH oxidation pathway (Ni et al., 2014). Further complicating 
the observation, Tallec et al. (2006) and Yang et al. (2009) observed a maximum of N2O production 
at a DO concentration of 1.0 mg O2/L. Tallec et al. (2006) further pointed out that the AOB 
denitrification, rather than heterotrophic denitrificaiton, was the main contributor of N2O production 
in the DO range from 0.1 to 2.0 mg O2/L. The observations concerning the effect of DO on N2O 
production in previous studies are summarized in Table 1. 
 
Two factors may have influenced the results of the previous studies investigating the effect of DO 
on N2O production. In several studies (e.g., Tallec et al.
 (2006), Yang et al. (2009) and Wunderlin et 
al., (2012)), activated sludge comprising a large amount of heterotrophic biomass in addition to 
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AOB and NOB was used. It is known that heterotrophic bacteria are able to produce and consume 
N2O, which is influenced by the DO concentration (Law et al., 2012b). In such cases, it is difficult 
to isolate the effect of DO on N2O production by AOB from the DO effect on N2O 
production/consumption by heterotrophic bacteria. Another factor is the effect of the accumulated 
nitrite (Tallec et al., 2006; Foley et al., 2010; Kim et al., 2010). Variation in DO affects the 
activities of both AOB and NOB, and nitrite accumulation may occur particularly under low DO 
conditions (Guisasola et al., 2005). The variation in nitrite accumulation would incur an 
independent effect on N2O production by AOB, which cannot be easily separated from that of DO. 
Therefore, the effect of DO on N2O production by AOB need to be further elucidated with 
minimum presence of heterotrophic bacteria and nitrite accumulation. 
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Table 1. Summary of previous studies on the effect of DO on N2O production by nitrifying cultures. 
Reference Experimental Conditions  Remarks 
Goreau et al. (1980)  A pure culture of AOB; DO: 0.18, 0.35, 1.8, 3.5 and 7 mg O2/L; NO2-: 3.5-37.8 
mg N/L 
Both the N2O production rate and the emission factor increased when 
DO was reduced. 
Poth and Focht (1985) Nitrosomonas europaea are grown under well-aerated condition and static 
condition; NO2-: average at 14.4 mg N/L 
Nitrosomonas europaea produced N2O only under oxygen limiting 
conditions. 
Kester et al. (1997) Nitrosomonas europaea; DO: 0-7 mg O2/L; NO2-:109-123 mg N/L Highest N2O production occurred at 0.087 mg O2/L. 
Tallec et al. (2006) Full-scale activated sludge; DO was controlled at levels from 0.1-6.2 mg O2/L; 
NH4+: 0-20 mg N/L 
Highest N2O emission was observed at 1.0 mg O2/L. 
Kampschreur et al. (2007) Enriched nitrifying culture; DO: imposition of transient anoxia; NO2-: around 20 
mg N/L; NH4+: around 10 mg N/L; 
N2O emission increased with decreasing oxygen. 
Yang et al. (2009) Pilot-scale activated sludge treating domestic wastewater; DO: 0-5 mg O2/L; NO2-: 
0-15 mg N/L; NH4+: 0-40 mg N/L 
Highest N2O production was observed at 1.0 mg O2/L. 
Yu et al. (2010) A pure culture of AOB; DO: imposition of transient anoxia; NH4+ and NO2- in the 
effluent were 2.2±1.1 and 240±41 mg N/L, respectively. 
Recovery from anoxia to aerobic conditions led to high N2O 
production. 
Rassamee et al. (2011) Lab-scale activated sludge treating municipal wastewater; four DO conditions: (1) 
fully aerobic; (2) anoxic-aerobic with high DO; (3) anoxic-aerobic with low DO; 
(4) intermittent aeration; NO2-: 0-11 mg N/L 
Changes in aeration induced higher N2O production. 
Wunderlin et al. (2012) Pilot-scale activated sludge treating domestic wastewater; DO was controlled at 
different levels from 0.6-3.1 mg O2/L; four series of batch tests with different 
additions of (1) NH4+ (25 mg N/L); (2) NO2- (15 mg N/L); (3) NO3- (20 mg N/L); 
(4) NH2OH (10 mg N/L). 
N2O production was dynamic and variable, but not oxygen-dependent. 
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 Law et al. (2012a) Enriched AOB culture treating anaerobic sludge digestion liquor; DO: 0.55, 1.25, 
1.8 and 2.4 mg O2/L; NO2-: 500±50 mg N/L; NH4+: 500±50 and 50±5 mg N/L. 
An exponential relationship between the N2O production and ammonia 
oxidation rate was found. 
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2.4.2 The impact of nitrite on N2O production by AOB 
NO2
- is a very important factor affecting N2O production in nitrification. Varying observations have 
been reported in literature on the effect of NO2
- on N2O production by different nitrifying cultures. 
It has been demonstrated that the presence of NO2
- leads to a significant increase of N2O production 
in both full-scale and lab-scale studies (Tallec et al., 2006; Kampschreur et al., 2007a; Kampschreur 
et al., 2008; Kim et al., 2010; Wunderlin et al., 2012). It is proposed that N2O production by AOB 
denitrification is dependent on the concentration of NO2
- (Tallec et al., 2006; Kampschreur et al., 
2007; Kim et al., 2010; Wunderlin et al., 2012). High NO2
- concentration has been shown to have a 
stimulating effect on AOB denitrification by promoting the expression of the nirK gene (Beaumont 
et al., 2004). It is also found that the nirK and norB (messenger ribonucleic acid) mRNA 
concentrations increase rapidly in the presence of high NO2
- concentration (280 mg N/L) in an 
N.europaea batch culture (Yu and Chandran, 2010). However, Law et al. (2013) observed an 
inhibitory effect of high NO2
- concentration (over 50 mg N/L) on N2O production by AOB in a 
nitritation system treating anaerobic sludge digestion liquor. Further data analysis by a 
mathematical model revealed that the NH2OH oxidation pathway became the primary pathway 
when the NO2
- concentration exceeded 500 mg N/L (Ni et al., 2014). 
 
Both DO and nitrite was shown to affect N2O production as well as pathways, however the 
combined effect of them on N2O production by AOB is not fully clarified. Some of previous studies 
were one-dimensional studies with one factor being varied and the other fixed. For example, Law et 
al. (2013) varied nitrite concentration in the range of 0 – 1000 mg N/L, while DO was fixed to 0.55 
mg O2/L in most experiments. The dependency of N2O production by AOB in a two-dimensional 
(DO and nitrite) space may not be readily predicable from the one-dimensional studies. One of the 
key reasons is that DO influences the ammonia and NH2OH oxidations rates, which is expected to 
not only exert a direct effect on N2O production through the NH2OH oxidation pathway, but also 
influences the nitrite reduction by AOB (and thus N2O production by the AOB denitrification 
pathway) through impacting the electron flows.  
 
Whilst in other studies both DO and nitrite concentrations varied simultaneously, they were not 
changed independently in most cases (Bock et al., 1995; Beaumont et al., 2004; Kampschreur et al., 
2007; Yu and Chandran, 2010). In fact, the changes in nitrite concentration were induced by DO 
changes. As AOB oxidize ammonia to nitrite during nitrification, nitrite could accumulate and the 
level of accumulation would be dependent on the DO concentration. These conditions would 
therefore only represent some very limited ‘snapshots’ in the two-dimensional space of DO and 
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nitrite, and therefore the results cannot be easily extrapolated to the entire two-dimensional space. 
In fact, it is hard to separate the effects of DO and nitrite in these cases, as the two factors were not 
independently varied.  
 
In some other studies (e.g., Tallec et al. (2006), Yang et al. (2009), Kim et al. (2010) and Wunderlin 
et al. (2012)), activated sludge comprising a large amount of heterotrophic biomass in addition to 
AOB and NOB was used. It is known that heterotrophic bacteria are able to produce and consume 
N2O, which would not allow separation of the true effects of DO and nitrite on N2O production by 
AOB. In sum, the separated and combined effect of DO and nitrite on N2O production by AOB as 
well as the N2O production pathways need to be further investigated. 
 
2.4.3 Other factors affecting N2O production by AOB 
Inorganic carbon (IC) 
Several previous studies have demonstrated that IC limitation could lower the respiration rate of 
AOB (Jun et al., 2000; Green et al., 2002; Wett and Rauch, 2003; Guisasola et al., 2007) . Such 
observations have been made using nitrifying activated sludge, nitrifying biofilm, nitrifying 
fluidised bed reactors treating various types of wastewater. Denecke and Liebig (2003) found that 
the relationship between nitrification rate and the CO2 concentration could be described by the 
Haldane kinetics in a nitrifying reactor. Torà et al. (2010) demonstrated that the inhibitory effects of 
free ammonia (FA) and free nitrous acid (FNA) on AOB could be amplified with IC limitation 
using an enriched AOB sludge. In the meantime, evidence is becoming available showing that N2O 
production is intrinsically linked to the specific growth rate of AOB and nitrification activity (e.g. 
ammonia oxidation rate (AOR)) (Yu et al., 2010; Law et al., 2012a). Therefore, it could be expected 
that the IC concentration could have an impact on N2O production by AOB. Indeed, (Khunjar et al., 
2011) suggested IC limitation negatively affected the ammonia removal efficiency as well as the 
AOB respiration rate, and caused an increase of N2O emission. And the N2O emissions were trigged 
by IC limiting conditions in nitritation-anammox system (Ma et al., 2015). 
 
Ammonia oxidation rate 
It has been reported that the increase of NH4
+ concentration would increase N2O production in both 
lab-scale and full-scale studies (Kampschreur et al., 2007b; Yu et al., 2010; Rassamee et al., 2011; 
Lotitoa, 2012). Both NH3 and O2 are substrates for ammonia oxidation and may have affected N2O 
production through their impact on the electron supply and electron transport processes (Law et al., 
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2012b). Therefore, the N2O production by AOB may be directly related to AOR. In essence, Law et 
al., (2012a) revealed an exponential relationship between AOR and N2O production rate by AOB in 
a nitritation reactor with DO and NH4
+ concentration as the factors to vary AOR.   
 
pH 
The influence of pH on N2O production has been investigated in several studies with the use of 
AOB culture. The maximum N2O production during nitrification is observed at pH of 8.5 using 
Nitrosomonas europaea (Hynes and Knowles, 1984). Law et al. (2011) also found the impact of pH 
on N2O production in a nitritation system treating anaerobic digester liquor. N2O production 
production increased with the increase of pH from 6.0 to 8.0, but inhibited at higher pH up to 8.5. 
 
Free nitrous acid (FNA) 
Shiskowski and Mavinic (2006) investigated the response N2O production during aerbic phase of a 
bench-scale bioreactor to the change of nitrite concentrations and pH as well as FNA concentrations 
and suggested that nitrous acid, rather than nitrite, was the actual AOB Nir electron acceptor. 
Lemaire et al. (2011) further revealed a linear relationship between N2O emisions and FNA 
concentrations using nitritaion system. 
 
Salinity 
Salinity serves to be one of key factors affecting biological nutrient removal during wastewater 
treatment. Recently, the stimulating effect of high salinity concentration on N2O production via 
nitrification has been observed and investigated by Zhao et al. (2014). The salinity shock may affect 
N2O production from AOB denitrification pathway by causing nitrite accumulation. 
 
2.5 Modeling N2O production during BNR  
2.5.1 Activated Sludge Models 
Mathematical modeling is of great significance toward understanding the whole environmental 
impact of wastewater treatment. Activated sludge models were commonly used by the wastewater 
engineers and widely accepted in academic community. The Activated Sludge Model No.1 (ASM1) 
is developed to describe the removal of organic carbon and NH4
+-N in activated sludge municipal 
treatment plants (Hauduc et al., 2013; Henze et al., 2000). The Activated Sludge Model No. 2 
(ASM2) is an extension of ASM1, which presents a concept for dynamic simulation of combined 
biological processes for chemical oxygen demand (COD), nitrogen and phosphorus removal (Henze 
et al., 2000). The Activated Sludge Model No. 2d (ASM2d) introduces biological phosphorus 
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removal with simultaneous nitrification-denitrification in activated sludge systems and is extended 
to involve the denitrifying activity of the PAOs on the basis of ASM2 (Henze et al., 2000). The 
ASM2d provides improved modeling of processes, particularly in the aspect of the dynamics of 
nitrate and phosphate. The Activated Sludge Model No.3 (ASM3) can predict sludge production, 
oxygen consumption, nitrification and denitrification and improve some limitations that have 
emerged from applications of ASM1 during biological nitrogen removal. In comparison to ASM1, 
ASM3 introduces the concept of storage-mediated growth of heterotrophic microorganisms, 
assuming that all readily biodegradable substrate is first taken up and stored as an internal cell 
polymer component used for growth (Ni and Yu, 2008).  
 
2.5.2 Modeling of N2O production by denitrifiers 
The currently available activated sludge models are not able to provide a well-rounded description 
of nitrification and denitrification, especially with respect to the emission of nitric oxide and nitrous 
oxide. (Schulthess and Gujer, 1996) further developed a mathematical model to predict nitrous 
oxide accumulation from denitrifying activated sludge in continuously fed full-scale wastewater 
treatment plants. Four experiments with varied oxygen concentration as well as the nitrogen and 
organic substrate load were carried out to verify the model. However, increased N2O emissions 
caused by dynamic operation conditions were not described properly in this model. The Activated 
Sludge Model for Nitrogen (ASMN) by Hiatt and Grady (2008) has been proposed, which 
incorporate AOB and NOB to perform nitrification with free FA and FNA as the true substrate and 
four-step denitrification including sequential reductions from NO3
- to N2 via NO2
-, NO and N2O. 
However, this model without consideration of electron competition among different steps of 
denitrification has been demonstrated to fail to predict N2O accumulation under carbon-liming 
conditions (Pan et al., 2012). In contrast to the existing denitrification models that directly couple 
carbon oxidation and nitrogen reduction, a new denitrification model developed by Pan et al. 
(2013a) described these two types of processes separately through the linkage of electron carriers 
and electron completion for each step of denitrification has been considered in this model. The 
proposed model enhanced our ability to predict N2O accumulation in denitrification.  
 
2.5.3 Modeling of N2O Production by AOB 
As AOB have been recognized as the main contributor to N2O production during wastewater 
treatment (Yu et al., 2010), mathematical models for N2O production by AOB could support the 
design and operation of WWTPs with minimized N2O emissions. Schreiber et al. (2009) developed 
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a model that allowed simultaneous simulations of measured NO and N2O dynamics in nitrifying 
biofilms. However, the available measurements for model evaluation were limited. More recently, a 
multiplicative Monod-model was used to link the specific metabolic activity of N. europaea cultures 
with N2O emission in the study of Yu et al. (2010). However, the validity of this approach to 
describe mixed culture N2O dynamics has not been tested.  
 
Based on the two known N2O pathways, several mathematical models have been proposed in order 
to evaluate the effect of process configuration and operation on N2O emission and develop 
mitigation strategies, including single-pathway models and a model with two pathways. The 
conceptual structures of three representative N2O models are presented in Figure 2. The AOB 
denitrification model (Figure 2A) is based on the AOB denitrification pathway (Ni et al., 2013). 
The biochemical reactions in this model includes NH4
+ oxidation to NH2OH, mediated by AMO, 
NH2OH oxidation to NO2
- with O2 as the terminal electron acceptor, mediated by HAO, utilization 
of NO2
- as the terminal electron acceptor to produce NO and subsequently N2O by consuming 
NH2OH as the electron donor, mediated by NIR and NOR, respectively. DO is assumed to have an 
inhibitory effect on both NO2
- and NO reduction. The NH2OH oxidation model (Figure 2B) 
assumes that N2O production is due to the reduction of NO produced from the oxidation of NH2OH 
(Ni et al., 2013). In the NH2OH oxidation model, NH4
+ is first oxidized to NH2OH and NH2OH is 
further oxidized to NO and subsequently to NO2
- with NO as an intermediate. N2O is formed from 
the biological reduction of NO that is produced as an intermediate of NH2OH oxidation. DO is 
assumed to have no inhibitory effect on NO reduction (Yu et al., 2010). The two-pathway model 
(Figure 2C) incorporates both the AOB denitrification and NH2OH oxidation pathways (Ni et al., 
2014). It synthesizes all relevant reactions involved in the consumption and production of NH3, 
NH2OH, NO2
-, NO, N2O and oxygen (O2) by AOB and incorporates both the AOB denitrification 
and the NH2OH oxidation pathways. All the oxidation and reduction processes are linked through a 
pool of electron carriers.  
 
By conducting side-by-side comparison of the two single-pathway models with experimental data 
reported in literature, Ni et al. (2013a) demonstrated that none of the single-pathway models can 
reproduce all the N2O data, probably due to the fact that the two pathways are affected by 
operational conditions differently (Chandran et al., 2011; Stein, 2011). In this sense the two-
pathway model enhanced our ability to predict N2O production by AOB during wastewater 
treatment under different conditions, which has been demonstrated to be applicable to various 
cultures under different DO and NO2
- conditions (Ni et al., 2014). However, the single-pathway 
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models have simpler structures and fewer parameters, which bring convenience to model 
calibration, and could be used preferably under certain conditions. The specific conditions under 
which the single-pathway could be used to replace the two-pathway model remain to be identified. 
 
CO2, as the carbon source for cell synthesis, plays a central role in the AOB metabolism (Hagopian 
and Riley, 1998). AOB fix CO2 via the Calvin-Benson-Bassham (CBB) cycle for growth, utilizing 
the energy and reducing power acquired from ammonia oxidation (Arp and Stein, 2003). In the 
widely applied IWA (International Water Association) Activated Sludge Models (ASMs), the 
catabolic and anabolic processes of nitrifiers are coupled in one reaction (Henze et al., 2000). The 
effect of IC on AOB (and nitrite-oxidizing bacteria – NOB) metabolism is not included in these 
models. Wett and Rauch (2003) expanded the ASMs by taking into account the IC limitation on the 
nitrification activity, which was described by a sigmoidal kinetic expression. However, this 
modelling approach would not allow the impact of IC on N2O production by AOB to be described.  
 
 
 
Figure 2. Reaction schemes in the three N2O models. 
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2.6 Mitigation strategies for N2O emissions during wastewater treatment 
In order to reduce N2O emissions during wastewater treatment, several mitigation strategies 
including minimization of aerobic N2O production and emissions, maximization of anoxic N2O 
consumption and end-of-pipe treatment, have been proposed based on lab-scale studies (Desloover 
et al., 2012).  
 
Longer solids retention time (SRT) (> 5 days) and higher DO (> 0.5 mg O2/L) have been proposed 
to be the two key operation conditions to minimise N2O production from nitrification (Zheng et al., 
1994). Yang et al. (2009) applied the step-feeding strategy to reduce the NH4
+ and NO2
- 
concentrations in the reactor and achieved a 50% reduction in N2O production. Law et al. (2011) 
applied slow feeding strategy to avoid transient pH changes during aerobic phase in a nitritation 
system, the N2O production by AOB was significantly reduced. Rodriguez-Caballero et al. (2015) 
found that the N2O emissions from a full-scale SBR could be mitigated by application of 
intermittent aeration strategy, which reduced ammonia oxidation rate and nitrite production rate. 
Consequently, lower nitrite accumulation caused lower N2O emission. Castro-Barros et al. (2015) 
suggested that a sufficient aeration control stategy could be applied in order for minimization of 
N2O emissions from the partial nitritation-anammox in a full-scale granular sludge reactor. In 
essence, passive aeration technologies (e.g. rotating biological contactor) or bubbleless aeration 
systems (e.g. membrane-areated biofilm reactor) have been applied for N2O mitigation in previous 
studies (Pellicer-Nàcher et al., 2010). Zheng et al. (2015) observed a very low N2O emission from a 
pilot-scale Carrousel oxidation ditch possible due to the high abundance of heterotrophs and NOB 
and the corresponding low nitrite accumulation. It is generally observed that sudden process 
perturbations such as transient change of pH, DO and NH4
+ or NO2
- concntration lead to N2O spikes 
(Kampschreur et al., 2007b; Yu et al., 2010; Law et al., 2011; Law et al., 2012a). Therefore, it is 
also suggested that WWTPs are designed and configured to operate under more stable process 
conditions. 
 
High nitrite accumulation and low COD/N ratio have been identified as the key factors causing N2O 
spike during denitrification (Desloover et al., 2012). External carbon dosage and usage of methanol-
based carbon source were reported to promote N2O consumption under anoxic denitrifying 
conditions (Desloover et al., 2012). In addition, he supplement of influent copper (II) (Cu2+) to a 
concentration of 10-100 μg/L was reported to effectively minimize N2O emission and enhance 
nitrogen removal (Zhu et al., 2013), whilst a dosage of calcium may help to minimize N2O 
production from denitrifying fluidized bed bioreactors (Eldyasti et al., 2015). End-of-pipe treatment 
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process (e.g. N2O biofiltration unit) may be helpful for N2O mitigation especially for capped BNR 
system (Desloover et al., 2012). The effectiveness of the proposed mitigation strategy is yet to be 
verified through simulation of mathematical modeling as well as full-scale trials. A full 
understanding of the mechanisms of N2O production during wastewater treatment is still needed in 
order to develop effective mitigation strategies.  
 
2.7 Summary 
N2O, a potent greenhouse gas and a major sink for stratospheric ozone, can be produced and emitted 
from wastewater treatment plants. AOB are identified as the major contributor to N2O production 
during wastewater treatment. N2O production by AOB occurs during nitrification via two different 
pathways: (i) the reduction of NO2
- to N2O via NO, known as nitrifier or AOB denitrification and (ii) 
N2O as a side product during incomplete oxidation of NH2OH to NO2
-. DO, nitrite and IC are the 
three key factors influencing N2O production by AOB during wastewater treatment. Mathematical 
modeling helps to enhance our ability to estimate site-specific N2O emission from WWTPs and 
develop mitigation strategies. 
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Chapter 3 Thesis Overview 
3.1 Research objectives 
Two main pathways are involved in N2O production by AOB: (i) the reduction of nitrite (NO2
-) to 
N2O via nitric oxide (NO), known as nitrifier or AOB denitrification
 (Kim et al., 2010) and (ii) N2O 
as a side product during incomplete oxidation of hydroxylamine (NH2OH) to NO2
- (Stein, 2011; 
Chandran et al., 2011; Law et al., 2012a). Previous studies (Tallec et al., 2006; Yang et al., 2009) 
mostly focused on N2O emission under given DO, nitrite or IC conditions, however both their 
individual and combined effects on N2O production particularly on N2O production pathways are 
not fully elucidated. Therefore, this thesis aims to further investigate the effects of DO, nitrite and 
IC on N2O production and N2O production pathways by AOB through systematical experiment and 
mathematical modeling. 
 
3.1.1 To further clarify the effect of DO on N2O production by AOB in an enriched nitrifying 
sludge 
The effect of DO concentration on N2O production by AOB in wastewater treatment has not been 
fully elucidated, due to the interfering factors such as the accumulation of nitrite when DO was 
varied and also the presence of N2O producing/consuming heterotrophic bacteria. As summarized in 
Table 1, such interferences have likely resulted in inconsistent observations.  
 
The first objective of this thesis is to further clarify the effect of DO on N2O production by AOB. 
An enriched nitrifying culture comprising primarily AOB and NOB was used. While the presence 
of a relatively small amount of heterotrophic bacteria is expected (growing on AOB and NOB cell 
lysate), their effects on N2O production were identified through control tests. To minimize nitrite 
accumulation under varying DO conditions, we added additional NOB, enriched in a separate 
reactor, to the nitrifying sludge during all experiments. To reveal the effects of DO on each of the 
two known pathways, isotopic measurements of SP and bulk 15N/14N ratios (δ15NN2Obulk) were used 
to identify the relative contribution of each pathway to the overall N2O production. Furthermore, a 
recently proposed N2O model incorporating both pathways (Ni et al., 2014) was employed to 
analyze the experimental data, in order to gain independent evidence of the relative contributions by 
the pathways. 
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3.1.2 To fully clarify the combined effect of DO and NO2- on N2O production by AOB using an 
enriched nitrifying culture 
Previous studies investigated the effects of DO and nitrite on N2O production by AOB either 
separately (Law et al., 2013) or with the nitrite concentration varying as a function of DO applied 
(Bock et al., 1995; Beaumont et al., 2004; Kampschreur et al., 2007; Yu and Chandran, 2010). Also, 
the results of some of these studies could have been heavily influenced by the presence of 
heterotrophic bacteria (Tallec et al., 2006; Yang et al., 2009; Kim et al., 2010; Wunderlin et al., 
2012), which could produce or consume N2O depending on DO levels. 
 
The second objective of this thesis is to fully clarify the combined effect of DO and NO2
- on N2O 
production by AOB using an enriched nitrifying culture consisting of primarily AOB and NOB. To 
reveal the combined effect of DO and NO2
- on each of the two known pathways and provide further 
evidence of the relative contributions by both pathways, the two-pathway model was employed to 
interpret the experimental data. 
 
3.1.3 To clarify the effect of IC on N2O production by AOB in an enriched nitrifying cultrue 
The effect of IC on N2O production by AOB in wastewater treatment has not been elucidated 
before. The third objective of this thesis is to clarify the effect of IC on N2O production by AOB. 
An enriched nitrifying culture consisting of primarily AOB and NOB is used in this study. By 
conducting batch tests under conditions with DO, pH, and NH3 being controlled, and with 
negligible interference from heterotrophic denitrification, the relationship between IC concentration 
and N2O production by AOB is established. The results are further verified by the experimental 
results obtained with an enriched AOB culture treating anaerobic digester liquor. 
 
3.1.4 To extend a N2O model by incorporating anabolic and catabolic processes of AOB 
None of previously reported N2O models are able to capture N2O dynamics caused by the variation 
of IC concentration, which has been demonstrated to be a significant factor influencing N2O 
production by AOB in this thesis. The fourth object of the thesis is to develop a new mathematical 
model to capture the N2O dynamics under varying IC (or CO2) conditions. This is done by 
explicitly incorporating both the anabolic and catabolic processes in the model, with the two 
processes coupled through electron and energy balances. The model is calibrated and validated with 
experimental data obtained with two independent nitrifying cultures and under varying IC 
conditions.  
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3.1.5 To identify the applicable regions for single-pathway N2O models according to 
operational conditions (DO and NO2- concentrations). 
The two-pathway model enhanced our ability to predict N2O production by AOB during wastewater 
treatment under different conditions, which has been demonstrated to be applicable to various 
cultures under different DO and NO2
- conditions (Ni et al., 2014). However, the single-pathway 
models have simpler structures and fewer parameters, which bring convenience to model 
calibration, and could be used preferably under certain conditions. However, such conditions have 
not been established. 
 
The fifth objective of the thesis is to identify under what conditions the AOB denitrification model 
and the NH2OH oxidation model are able to replace the two-pathway model for practical 
applications, and under what conditions the two-pathway model has to be applied. This study 
provides guidance for selecting suitable N2O models according to operational conditions. 
 
3.2 Research methods 
3.2.1 Culture enrichment and reactor operation 
Two lab-scale sequencing batch reactors were operated in the laboratory at room temperature (22.0 
– 23.0 ºC) seeded with sludge from a domestic wastewater treatment plant in Brisbane, Australia. 
One was fed with ammonium with the aim to obtain an enriched culture of AOB and NOB, and the 
other with nitrite to obtain an enriched culture of NOB. Both reactors had working volumes of 8 L, 
and were operated with a cycle time of 6 hr consisting of 260 min aerobic feeding, 20 min aeration, 
1 min wasting, 60 min settling and 19 min decanting periods. During each cycle, 2 L of synthetic 
wastewater (compositions are described below) was fed to the reactors, resulting in a hydraulic 
retention time (HRT) of 24 hr. Compressed air was supplied to the reactors during the feeding and 
aerobic phases. DO in both reactors were continuously monitored online using miniCHEM-DO2 
meters and controlled between 2.5 and 3.0 mg O2/L with a programmed logic controller (PLC). pH 
in the two reactors were measured with miniCHEM-pH meters. For the AOB + NOB culture, pH 
was controlled at 7.5 by dosing 1 M NaHCO3, and for the NOB culture, the pH was not controlled 
but was stable in the range of 7.0 – 7.3. The SRT was kept at 15 days for both reactors by wasting 
130 mL of sludge during the 1-min wasting period.  
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The synthetic wastewater for the AOB + NOB culture comprised per liter (adapted from Kuai and 
Verstraete (1998)): 5.63 g of NH4HCO3 (1 g NH4
+-N), 5.99 g of NaHCO3, 0.064 g of each of 
KH2PO4 and K2HPO4 and 2 mL of a trace element stock solution. The trace element stock solution 
contained: 1.25 g/L EDTA, 0.55 g/L ZnSO4·7H2O, 0.40 g/L CoCl2·6H2O, 1.275 g/L MnCl2·4H2O, 
0.40 g/L CuSO4·5H2O, 0.05 g/L Na2MoO4·2H2O, 1.375 g/L CaCl2·2H2O, 1.25 g/L FeCl3·6H2O and 
44.4 g/L MgSO4·7H2O. The synthetic wastewater for the NOB culture comprised per liter (adapted 
from Kuai and Verstraete (1998)): 4.93 g of NaNO2 (1 g NO2
--N), 0.4 g of NaHCO3, 1 g of each of 
KH2PO4 and K2HPO4 and 2 ml of a stock solution containing trace elements, as described above.  
 
At the time the batch tests described in the next sections were conducted, the two reactors were both 
in steady state for more than 5 months, with 100% conversion of NH4
+ to NO3
- by the AOB + NOB 
culture and of NO2
- to NO3
- by the NOB culture at the end of each cycle. The mixed liquor volatile 
suspended solids (MLVSS) concentrations in both reactors were also stable at 1480 ± 28 (n=8) and 
570 ± 43 (n=6) mg/L, respectively. Characterization of the biomass compositions using 
fluorescence in situ hybridization (FISH) indicated that (1) for the enriched AOB + NOB culture, 
46 ± 6% of the EUBMix probe targeted cells bound to the NSO1225 probe, which covers ammonia-
oxidising beta-proteobacteria comprising the Nitrosospira, Nitrosococcus and Nitrosomonas 
genera; 38 ± 5% of the EUBMix probe targeted cells bound to the Ntspa662 probe, specific for the 
Nitrospira genera (nitrite oxidizers); All the NIT3 probes applied did not give any signals, 
suggesting the absence or very low abundance of the Nitrobacter genera (nitrite oxidizers); (2) for 
the enriched NOB culture, 75 ± 8% of the EUBMix probe targeted cells bound to the Ntspa662 
probe, specific for the Nitrospira genera; 1.2 ± 0.5% of the EUBMix probe targeted cells bound to 
the NIT3 probes, specific for the Nitrobacter genera. FISH was performed according to the 
procedure as previously described (Law et al., 2011). The biovolume fraction of the bacteria of 
interest was determined by analysing 20 FISH images for each reactor using DAIME version 1.3 
(Daims et al., 2001). Reported values are mean percentages with standard deviations. 
 
3.2.2 One-line and off-line data collection from batch tests  
All batch tests (described below) were carried out at room temperature (22.0 – 23.0 ºC) in a 1.3 L 
reactor with a sealable lid. DO and pH in all tests were continuously monitored online using a 
miniCHEM-DO2 sensor and a miniCHEM-pH metre, respectively. pH was controlled at 7.5 using a 
PLC by dosing 1 M NaHCO3 or 1 M HCl. In all tests, DO concentration was manually controlled at 
the designed level (Table 2) during the entire experiment with a gas mixture of N2 and air. The N2 
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flow and air flow were adjusted using two mass flow controllers (Smart- Trak 50 series- 1 L/min 
and 5 L/min, Sierra). The total gas flow rate was controlled constantly at 0.5 L/min. For each 
change in DO concentration, the change in the air flow rate was compensated for by an equivalent 
change in the N2 flow rate.  
 
N2O and CO2 concentrations in the off gas from the batch reactor were measured with a URAS 26 
infrared photometer (Advance Optima Continuous Gas Analyser AO2020 series, ABB), with a 
measuring range of 0 – 100 ppmv and a detection limit of 1.0 ppmv for N2O and with a measuring 
range of 0 – 5 % and a detection limit of 0.01 % for CO2. Data were logged every 30 sec. To 
prevent moisture from entering the analyser, a moisture filter was installed at the gas inlet of the 
analyser. A t-shaped tubing joint was fitted on to the gas sampling tube connecting the gas outlet of 
the reactor and the gas analyser. This allowed the excess gas flow from aeration to escape from the 
system, maintaining atmospheric pressure in the reactor. The sampling pump of the analyser was 
adjusted to be lower than the total gas flow rate in the reactor at all times. The gas analyser was 
calibrated periodically (every 6 months) as per manufacturer’s instruction and no signal drift was 
detected. Preliminary tests were conducted to investigate the measuring interference between N2O 
and CO2 and no interference was detected. 
 
N2O concentration in liquid phase was measured using a N2O microsensor (N2O-100 with a 
detection limit of 0.0028 mg N2O-N/L, Unisense A/S. Aarhus, Denmark), with data logged every 
10 seconds. A two-point calibration was performed before each batch test with deionised water as 
zero and a N2O stock solution with a dissolved N2O concentration of 7.235 mg N/L. The signal of 
the sensor has been shown to be linear within the range of 0-14 mg N2O-N/L in water.  
 
The NH4
+, NO3
- and NO2
- concentrations were analysed using a Lachat QuikChem8000 Flow 
Injection Analyser (Lachat Instrument, Milwaukee). The samples containing IC were injected into a 
phosphoric acid solution and the formed CO2 was stripped and measured by a Total Organic Carbon 
Analyser (Shimadzu, Australia). The MLSS concentration and its volatile fraction (MLVSS) were 
analysed in triplicate according to the standard methods (APHA, 1998). 
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3.2.3 Method for maintaining constant ammonium and IC levels 
In all of the tests, the ammonium concentration needed to be controlled at a pre-defined level 
throughout the test. This was achieved through manual addition of ammonium stock solution based 
on the estimated ammonium consumption. The detailed procedure is described below. 
 
An experiment for determining the volumetric oxygen mass transfer coefficient (KLa) was 
conducted before each batch test. The following is the detailed experimental procedures: (1) 0.5 
L/min nitrogen was sparged into batch reactor until DO reach zero; (2) 0.5 L/min air was then 
sparged until the reading of DO meter is stable; (3) Experimental data of DO was input into a 
designed model based on Equation 1.  
 
𝑑𝐶𝑡
𝑑𝑡
= 𝐾𝐿𝑎(𝐶𝑡𝑠 − 𝐶𝑡)  (1)                                                                   
where KLa = volumetric mass transfer coefficient, T
-1 
Cts = saturated oxygen concentration in liquid bulk phase  
Ct= oxygen concentration in liquid bulk phase at time t 
 
KLa is then estimated by fitting the predicted DO data by the designed model with the measured 
DO data. The obtained KLa was used to calculate OUR and AOR (Equation 2). 
 
𝐴𝑂𝑅 =  𝑂𝑈𝑅/4.33 = 𝐾𝐿𝑎/4.33 × (8.69 ×
𝑄𝑎𝑖𝑟
𝑄𝑡𝑜𝑡𝑎𝑙
− 𝐶𝑡)  (2) 
Where AOR = ammonia oxidation rate, g N m-3 h-1. 
OUR = oxygen uptake rate, which is calculated as the ratio between DO consumption and the 
period, g O2 m
-3 h-1. 
4.33 = the ratio between OUR and AOR during complete nitrification, g O2/g N (Wezernak and 
Gannon, 1967) 
8.69 = oxygen concentration in equilibrium with gas at temperature of 23 ºC as given by Henry’s 
Law, mg/L (Eddy, Tchobanoglous, Burton and Stensel, 2003) (Tchobanoglous et al., 2003) 
Qair = air flow rate, L/min 
Qtotal = total flow rate (air + nitrogen), L/min 
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In some of batch tests, the IC concentrations were controlled at constant levels through manually 
adding the stock solution of 1 M NaHCO3 with amounts estimated according to the stripped CO2 
concentration measured by an on-line gas analyser and Equation (3):  
𝑅𝐼𝐶 =
𝐶𝐶𝑂2−0.038%
24.3
∗ 0.5           (3) 
where 𝑅𝐼𝐶  is the decreasing rate of IC concentration, mol C/min; 𝐶𝐶𝑂2  is the concentration of 
stripped CO2, Vol.%, 0.038% is the atmospheric concentration of CO2 (IPCC, 2007); 24.3 is the 
molar volume of an ideal gas at 1 atmospheric pressure and 23 ºC, L/mol; 0.5 is the total gas flow 
rate, L/min. 
 
3.2.4 Batch tests to determine N2O production and/or consumption by the heterotrophic 
bacteria in the enriched AOB+NOB cultures 
In order to evaluate the possible N2O production by heterotrophic bacteria, a 20-min control phase 
was added before each batch experiment. In the control phase, no NH4
+ was added, DO was 
controlled at the same level as in other periods in the batch experiment and N2O production 
observed can therefore be attributed to heterotrophic activity. In order to evaluate the possible N2O 
consumption by heterotrophic bacteria, three N2O consumption tests were also conducted at 
different DO levels of 0.5, 1.5 and 3.0 mg O2/L using the same mixture of the nitrifying culture and 
the enriched NOB culture. Aeration was stopped after DO reached the designed levels. Then 1 mL 
of saturated N2O solution was added into the batch reactor. The headspace was removed by adding 
the same mixture of the two cultures. After that the batch reactor was fully sealed. The N2O 
concentration was then monitored online for 30 min using a N2O microsensor. The N2O 
consumption rate was determined from the measured N2O concentration profile and attributed to 
heterotrophic N2O consumption.  
 
3.2.5 Batch tests to determine the true effect of DO on N2O production by AOB 
Eight sets of batch tests were carried out, with key experimental conditions summarized in Table 2. 
All tests were performed in triplicate. For each test, 0.133 L and 0.3 L mixed liquor was withdrawn 
from the AOB + NOB and the NOB reactors, respectively. They were mixed in a 2-L beaker on a 
magnetic stirrer and diluted to 1 L by adding 0.567 L decant from the AOB + NOB reactor, before 
being used for the experiments. Before each test, 50 mL mixed liquor samples were taken from the 
AOB + NOB reactor to determine the mixed liquor suspended solids (MLSS) concentration and its 
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volatile fraction (MLVSS) (all in triplicate). The MLVSS concentration of the AOB + NOB sludge 
in each batch test was calculated based on these measured concentrations and the dilution ratio. 
 
In each batch experiment, which lasted for 90 min, the NH4
+ concentrations in all tests were 
controlled at 18 ± 2 mg NH4
+-N/L through manually adding a stock solution of 33.8 g/L NH4HCO3 
and 36 g/L NaHCO3 with intervals of 15 – 30 min, with amounts determined using the method 
described above. During each test, mixed liquor samples were taken every 30 min for NH4
+, NO2
- 
and NO3
- analyses using a syringe and immediately filtered through disposable Millipore filters 
(0.22 µm pore size). N2O was on-line monitored during all the batch tests using the N2O analyzer as 
described above. 
 
Table 2. Experimental conditions applied in the batch tests. 
Test series pH 
Ammonium 
(mg N/L) 
DO (mg O2/L) 
I 7.5 18±2 3.0 
II 7.5 18±2 2.5 
III 7.5 18±2 2.0 
IV 7.5 18±2 1.5 
V 7.5 18±2 1.0 
VI 7.5 18±2 0.5 
VII 7.5 18±2 0.2 
VIII 7.5 18±2 0 
 
3.2.6 Batch tests to determine the combined effect of DO and nitrite on N2O production by 
AOB 
Batch tests were carried out under DO concentrations of 0.35, 0.85, 1.5, 2.5 and 3.5 mg O2/L. For 
each DO level, 0, 0.5, 1, 2, 3, and 5 mL of NaNO2 stock solution (49.3 g/L) was added into the 
 37 
 
batch reactor resulting in an initial NO2
- concentration of 0, 5.0, 10.0, 20.0, 30.0 and 50.0 mg N/L, 
respectively. All tests were performed in triplicate. For each test, 0.15 L mixed liquor was 
withdrawn from the AOB + NOB culture and diluted to 1 L with decant from the parent reactor 
before being used for the experiments.  
 
In each batch experiment, which lasted for 60 min, the NH4
+ concentrations in all tests were 
controlled at around 20 mg N/L through manually adding a stock solution of 33.8 g/L NH4HCO3 
and 36 g/L NaHCO3 with amounts determined using the method described above. During each test, 
mixed liquor samples were taken every 20 min for NH4
+, NO2
- and NO3
- analyses using a syringe 
and immediately filtered through disposable Milipore filters (0.22 mm pore size). A 50 mL mixed 
liquor sample was taken from the batch reactor at the end of each test to determine the MLSS and 
MLVSS concentrations. N2O was on-line monitored during all the batch tests using the N2O 
analyzer as described above. 
 
3.2.7 Batch tests to determine the effect of IC on N2O production by AOB 
The effect of IC on N2O production by AOB was examined through the following three sets of 
experiments: 
Set 1: CO2 stripping batch tests. This set of tests was carried out in triplicate, aiming to investigate 
N2O production under conditions of dynamic IC concentrations. For each test, 0.15 L mixed liquor 
was withdrawn from the AOB + NOB culture and diluted to 1L with decant from the parent reactor 
before being used for the experiments. As a result, the initial conditions (e.g. the concentrations of 
NH4
+, NO2
-, NO3
-, trace elements, and IC) in each batch test would be similar to those in the parent 
reactor. Particularly, the initial IC level for each test was around 10 mmol C/L. The dilution ratio 
was chosen so that the desired DO concentration (2.5 mg O2/L) could be achieved with the aeration 
system available, and that N2O in the gas phase was in the measurement range of the online gas 
analyser (to be further described). In each experiment, which lasted for 10 hour, the NH4
+ 
concentrations in all tests were controlled at a non-limiting concentration of around 20 mg NH4
+-
N/L through manually adding a stock solution of 28.3 g/L (NH4)2SO4 with amounts determined 
based on the estimated ammonium consumption rate, using the method described above. CO2 in the 
batch reactor was continuously stripped out by the aeration system, with the gas phase CO2 
concentration continuously monitored using the online gas analyser (as described above). 
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An additional set of stripping tests with very high initial IC concentrations approximately 25 mmol 
C/L (typical range of IC in a WWTP is 1.5 – 2.5 mmol C/L) was conducted to elucidate the 
boundary condition of the experimental findings in this work. 15 mL of 1 M NaHCO3 stock 
solution was added at the beginning of the test to raise the IC concentration to approximately 25 
mmol C/L.  
 
Set 2: Tests with constant IC. This set of experiments aims to further validate the relationship 
between N2O production and different IC levels. This set of experiments consisted of six batch tests 
with the addition of bicarbonate for the IC concentration to be maintained at 0, 2, 4, 6, 9, and 12 
mmol C/L, respectively. These levels are in the range observed both in the parent reactor and used 
in the CO2-stripping tests. For each test, 0.15 L mixed liquor was withdrawn from the AOB + NOB 
culture and centrifuged at 4000 rpm for 5 min. The concentrated sludge was then suspended in 1-L 
stock solution with the same composition of the synthetic wastewater for the nitrifying reactor 
described above, but without NH4HCO3 or NaHCO3. Before each experiment, different levels of IC 
were achieved by manually adding various amounts of a stock solution of 1 M NaHCO3 into the 
batch reactor and pH was adjust back to 7.5 by dosing either 1M HCl or 1M NaOH. In each batch 
experiment that lasted for 45 min, the NH4
+ concentrations in all tests were controlled at around 20 
mg NH4
+-N/L as described above.  
 
As described above, the on-line CO2 data and the oxygen consumption rate determined the amounts 
of NaHCO3 and (NH4)2SO4 to be added. As this calculation could only be done discrete in time, the 
dosage was also discrete in time. 
 
During each test (in both sets), mixed liquor samples were taken every 15 min for NH4
+, NO2
-, NO3
- 
and IC analyses using a syringe and immediately filtered through disposable Milipore filters (0.22 
mm pore size). A 50 mL mixed liquor sample was taken from the batch reactor at the end of each 
test to determine the MLSS and MLVSS concentrations. N2O was on-line monitored during all the 
batch tests using the N2O analyzer as described above. 
 
Set 3: Reanalysis of experimental data from a nitritation system. Law et al. (2011) operated a lab-
scale SBR of 8 L to select AOB for partial nitritation at a controlled temperature of 33 ± 1 ºC. The 
reactor was operated in identical cycles of 6 h consisting of 25 min settling, 5 min decanting, 10 
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min idle I, 2.5 min feeding I, 67.5 min aerobic reaction I, 86.9 min idle II, 2.5 min feeding II, 67.5 
min aerobic reaction II, 86.9 min idle III and 1.2 min wasting periods. In each feeding period, 
synthetic wastewater mimicking anaerobic sludge digester liquor (composition described in Law et 
al. (2011)) of 1 L was added, resulting in a HRT of 1 day. During the feeding and aerobic reaction 
phases, aeration was supplied with a constant air flow rate of 2.5 L/ min, resulting in DO 
concentrations varying between 0.5 and 0.8 mg O2/L. 100 mL of mixed liquor was wasted per cycle 
giving rise to a theoretical SRT of 20 days. pH of the reactor mixed liquor increased to 7.4 ± 0.1 
after feeding and dropped to approximately 6.4 with ammonium oxidation proceeded. 1 M NaHCO3 
was then used to automatically control pH at 6.4 ± 0.05 using a PLC system to ensure that pH did 
not decrease further. 
 
Cycle studies were conducted using the SBR reactor. pH and DO in the reactor were continuously 
monitored online for 24 hours. N2O and CO2 concentrations in the off-gas were measured with a 
URAS 26 infrared photometer (as described above). The mixed liquor samples were taken for 
NH4
+, NO3
- and NO2
- concentrations measurement. N2O was on-line monitored during all the batch 
tests using the N2O analyzer as described above. 
 
The IC concentrations were calculated based on the CO2 concentration in gas phase and pH of the 
mixed liquor according to (Yuan et al., 2006). Thus, each IC concentration corresponded to one 
N2O production rate (N2OR), which was calculated by multiplying the measured gas phase N2O 
concentration and the known gas flow rate (2.5 L/min). As all the data from the cycle study (e.g. the 
concentration of NH4
+, NO2
-, NO3
-, CO2, N2O and IC) was repetitive, N2ORs during aerobic phase 
from one cycle were plotted against the corresponding IC levels. 
 
3.2.8 Isotopic measurement 
200 mL mixed liquor samples were taken in triplicate at the end of one batch test at each DO level 
for isotopic measurement. The samples were placed in 200 mL bottles with 150 µL saturated 
mercury chloride and sealed. Bulk isotope and isotopomer signatures were measured with cavity 
ring down spectroscopy (G5101-i Picarro Inc., Santa Clara, CA. USA). A 50 mL of sample was 
replaced by 50 mL of zero air (i.e. N2O free synthetic air, Air Liquide, Aust.) in bottles containing 
the wastewater samples. After 24 hr on a shaker table (100 rpm) the equilibrated headspace gas was 
transferred into a 500 mL gas sampling bag (CaliBond 5) using a gas tight syringe. The headspace 
in each bottle was replaced with tap water that had been bubbled with zero air for 0.5 hr. The 
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headspace gas in the sample bags was diluted with appropriate amounts of zero air to give a final 
N2O concentration between 0.5 and 1.5 ppmv.  
 
The prepared headspace samples were attached to the G5101-I inlet. Prior to entering the instrument 
the gas samples were passed through a series of filters. These included water (Drierite), CO2 
(Ascarite), CO (Pt granules) and H2S (Cu filings) traps. The G5101-i is sensitive to variable N2O 
and O2 concentrations and corrections were applied post analysis for these parameters. The G5101-i 
has a precision of ± 2‰ for alpha and beta isotopomers. The bulk 15N-N2O was given as the 
average of the alpha and beta values. The site preference (SP) was calculated as the difference 
between alpha and beta isotopomer signatures.  
 
The contributions of the two pathways to the total N2OR were estimated using Equation 1:  
𝐹𝑁𝐷 = (1 − 𝐹𝑁𝑂) =
𝑆𝑃𝑡𝑜𝑡−28.5‰
−2‰−28.5‰
   (4) adapted from (Wunderlin et al., 2013) 
where: FND = the fraction of N2OR from AOB denitrification, FNO = the fraction of N2OR from 
NH2OH oxidation, SPtot = measured SP value at varying DO levels, 28.5‰ = the SP value of N2O 
produced from NH2OH oxidation (Wunderlin et al., 2013), and -2‰ = the SP value of N2O 
produced from AOB denitrification (Wunderlin et al., 2013). 
 
3.2.9 Modelling of N2O production by AOB 
Three existing mathematical models for N2O production by AOB in literature were used in this 
thesis, including the two-pathway N2O model incorporating both the NH2OH oxidation and AOB 
denitrification pathways (Ni et al., 2014) and two single-pathway N2O models based on either AOB 
denitrification pathway (Ni et al., 2011) or NH2OH oxidation pathway (Ni et al., 2013). The AOB 
denitrification model synthesizes ammonia (NH4
+) oxidation to NH2OH mediated by ammonia 
monooxygenase (AMO), NH2OH oxidation to NO2
- with O2 as the terminal electron acceptor 
mediated by hydroxylamine oxidoreductase (HAO), the utilization of NO2
- as the terminal electron 
acceptor to produce NO mediated by the nitrite reductase (NIR) and subsequently N2O by 
consuming NH2OH as the electron donor mediated by nitric oxide reductase (NOR). DO is assumed 
to have an inhibitory effect on both NO2
- and NO reduction. In the NH2OH oxidation model, NH4
+ 
is first oxidized to NH2OH and NH2OH is further oxidized to NO and subsequently to NO2
- with 
NO as an intermediate. N2O is formed from the biological reduction of NO that is produced as an 
intermediate of NH2OH oxidation. DO is assumed to have no inhibitory effect on NO reduction (Yu 
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et al., 2010). The two-pathway model synthesizes all relevant reactions involved in the consumption 
and production of NH3, NH2OH, NO2
-, NO, N2O and O2 by AOB and incorporates both the AOB 
denitrification and the NH2OH oxidation pathways. All the oxidation and reduction processes are 
linked through a pool of electron carriers. The metabolism for NOB is involved in the three models 
as described by Hao et al. (2002). 
 
In terms of the two-pathway model, it was first applied to interpret experimental data to identify the 
contributions of each of the two pathways to N2O production under varying DO and nitrite 
conditions. Two-step calibration of this N2O model was applied to fit experimental data. The 
parameters related to ammonia oxidation were estimated using the experimental AOR data from 
different sets of batch tests. This is followed by the calibration of the key parameters governing the 
N2O production via the two pathways. All other parameters were adapted from the literature. The 
two-pathway model was also used to generate N2O data for identification of the applicable regions 
of the two single-pathway models under varying DO and nitrite conditions. For the simulation 
results, AOB can be uniquely determined for each of the two single-pathway models for the DO and 
nitrite concentrations applied in each case. The suitability of a single-pathway model is evaluated 
based on two criteria: 1) the value of the calibrated AOB should be approximately constant, 
independent of the DO and nitrite levels; 2) the value of AOB should be in a feasible range (0 – 1.0) 
under any conditions. At last, the two-pathway model was extended to describe the effect of IC on 
N2O production with Adenosine triphosphate (ATP)/Adenosine diphosphate (ADP) introduced as 
new state variables to link the energy generation and consumption processes.  
 
Parameter estimation and parameter uncertainty evaluation were done according to (Batstone et al., 
2003). The standard errors and 95% confidence intervals of individual parameter estimates were 
calculated from the mean square fitting errors and the sensitivity of the model to the parameters. 
The determined F-values were used for parameter combinations and degrees of freedom in all cases. 
A modified version of AQUASIM 2.1d was used to determine the parameter surfaces (Ge et al., 
2010). 
 
3.3 Research outcomes  
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3.3.1 The effect of dissolved oxygen on N2O production by ammonia-oxidizing bacteria in an 
enriched nitrifying sludge 
Under the conditions of low NO2
- accumulation, minimum interference by heterotrophic bacteria, 
and controlled NH4
+ and pH levels, we were able to successfully isolate the effect of DO as the 
primary varying factor for the first time. The results of this work revealed that N2OR increased as 
DO concentration increased from 0 to 3.0 mg O2/L, while the N2O emission factor decreased upon 
increasing DO (Figure 3b and 3d). Some full-scale and lab-scale studies have also observed this 
increase of N2OR against increasing DO (Foley et al., 2010; Ahn et al., 2010; Law et al., 2012a; Ni 
et al., 2013). In a similar nitrifying culture study by Kampschreur et al. (2007) the emission factor 
was 2.8% at a DO of 4.6 mg O2/L, which is consistent with our result of 2.4% at a DO of 3.0 mg 
O2/L. Other studies have also detected a negative correlation between the DO and the N2O emission 
factor in batch tests using pure and enriched cultures (Goreau et al., 1980; Zheng et al., 1994). For 
mitigation strategy implication, the N2OR is preferably used, considering that N2O emission factor 
is directly affected by influent nitrogen and ammonium oxidation rate to a large degree and may not 
represent the real N2O response to the change of operational conditions. To minimize N2O 
production from conventional nitrogen removal processes through nitrification and denitrification 
with minimal nitrite accumulation, DO in the system should be maintained at a moderate level (e.g. 
below 1 mg O2/L). However, this strategy needs to be further verified in a real wastewater treatment 
process, due to the possible involvement of heterotrophic bacteria (present in a system treating real 
wastewater) in N2O production and/or consumption, particularly under low DO conditions.  
 
Based on the SP analysis (Equation 4), it is revealed that AOB dentrification was the dominant 
pathway (73% – 95%) over the NH2OH oxidation pathway (5% – 27%) for the AOB culture studied 
in this work (Figure 4). This finding is consistent with some previous studies of soil and mixed 
cultures (Ostrom et al., 2010; Toyoda et al., 2010; Wunderlin et al., 2013; Ostrom et al., 2010; 
Toyoda et al., 2010; Wunderlin et al., 2013). The SP results (Figure 4) also demonstrated that at 
higher DO the relative contribution of the NH2OH oxidation pathway increased. These results are in 
good agreement with the prediction by the two-pathway N2O model that integrated the AOB 
denitrification and the NH2OH oxidation pathways (Figure 4). Collectively these demonstrate that 
DO is an important factor regulating the relative contributions of the two pathways. 
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Figure 3. Relationships between (a) AOR and DO, (b) N2OR and DO, (c) N2OR and AOR and (d) 
the N2O emission factor and DO detected in batch tests (error bars in all plots are standard deviation, 
n=3). 
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Figure 4. The site estimated relative contributions of the two pathways for N2O production under 
varying DO concentrations. 
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3.3.2 The combined effect of dissolved oxygen and nitrite on N2O production by ammonia 
oxidizing bacteria in an enriched nitrifying sludge 
Six sets of tests with average NO2
- concentrations from ~3 to ~50 mg N/L at each of the five DO 
levels (0.35 – 3.5 mg O2/L) were conducted so that the quantitative relationship between the N2O 
production and NO2
- concentration at different DO levels was systematically investigated for the 
first time, and the two-pathway N2O model was applied to interpret the experimental results to shed 
light on the mechanisms involved.  
 
The results of this work revealed that as NO2
- concentration increased from ~3 to ~50 mg N/L at 
each DO level, both N2OR and N2O emission factor increased, while their increasing rate declined 
with increased NO2
- levels (Figure 5). The stimulating effect of NO2
- on N2OR and N2O emission 
factor is consistent with some previous observations (Tallec et al., 2006; Kampschreur et al., 2007; 
Kampschreur et al., 2008; Kim et al., 2010; Wunderlin et al., 2012; Law et al., 2013). In comparison 
to these previous studies, the detailed relationships between N2OR and NO2
-, as well as between the 
N2O emission factor and NO2
- are established for the first time in a broad DO range of 0.35 – 3.5 
mg/L. As shown in Figure 5a, N2OR peaked at DO of 0.85 mg O2/L. Some studies using full-scale 
activated sludge showed a similar trend (Tallec et al., 2006; Yang et al., 2009); however the roles of 
heterotrophic denitrifiers in their systems were not clear. This observation together with previous 
findings (Figure 3b) indicated that the relationship between DO and N2O production could be 
altered by the significant presence of NO2
-. 
 
The data analysis of the two-pathway model confirmed that DO and NO2
- had a combined effect on 
N2O production by AOB through regulating the shifts of the two production pathways of AOB at 
various DO and NO2
- levels. The contribution of AOB denitrification pathway to N2O production 
increased as NO2
- concentration increased, but decreased as DO concentration increased, 
accompanied by a corresponding change in the contribution of NH2OH oxidation pathway to N2O 
production (Figure 6). Our results further revealed that the AOB denitrification pathway was 
predominant in most cases, while NH2OH oxidation pathway was dominant at high DO (e.g. 3.5 mg 
O2/L) and low NO2
- (e.g. below 10 mg N/L) levels (Figure 6). 
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Figure 5. The biomass specific N2O production rates and N2O emission factors under various DO 
and NO2
- concentrations. 
  
 
Figure 6. Model-predicted relative contributions of each pathway to N2O production under various 
DO and NO2
- concentrations. 
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3.3.3 N2O production by ammonia oxidizing bacteria in an enriched nitrifying sludge linearly 
depends on inorganic carbon concentration  
The study revealed, for the first time, a linear relationship between biomass specific N2O production 
rate (N2ORsp) and IC concentration in the IC range from 0.4 to 12.4 mmol C/L (R
2 = 0.97) (Figure 
7a). The results were confirmed by experimental data obtained from an enriched AOB culture 
treating synthetic anaerobic digester (Figure 7b). In agreement with previous studies (Jun et al., 
2000; Green et al., 2002; Wett and Rauch, 2003; Guisasola et al., 2007), our results also 
demonstrated a positive dependency of biomass specific ammonia oxidation rate (AORsp) on the IC 
concentration, which could be well described by Monod kinetics with KTIC = 2.35 ± 0.29 mmol 
C/L (Figure 8a). Guisasola et al. (2007) also found that a Monod function could describe the effect 
of IC limitation on the ammonium oxidation rate with a similar KTIC value (1.78 mmol C/L) using a 
nitrifying sludge from a pilot plant. As N2O production and the specific growth rate/substrate 
consumption rate of AOB were intrinsically linked (Yu et al., 2010; Law et al., 2012a), it is very 
likely that IC affected N2O production indirectly by causing a change in AOR, resulting in an 
exponential relationship between N2ORsp and AORsp (Figure 8b).  
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Figure 7. The experimentally observed relationships between N2ORsp and IC, and the linear 
regression results in both nitrifying and nitritation reactors. 
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Figure 8. The experimentally observed and model-fitted relationships between (a) AORsp and IC, 
(b) N2ORsp and AORsp in the nitrifying reactor (experimental data from CO2-striping batch tests, ; 
experimental data from IC-constant batch tests, ; model fit, —; predicted 95% confidence bound, 
---). 
 
3.3.4 Modeling N2O production by ammonia oxidizing bacteria at varying IC concentrations 
by coupling anabolic and catabolic processes  
In the two-pathway N2O model, Mred (reduced mediator) and Mox (oxidized mediator), defined as 
the reduced and oxidized forms of electron carriers, respectively, were introduced in the 
biochemical reactions to model the electron transfer from oxidation to reduction. The above model 
is enhanced in this thesis by including the energy balance and the anabolic process (Figure 9), with 
Adenosine triphosphate (ATP)/Adenosine diphosphate (ADP) introduced as new state variables to 
link the energy generation and consumption processes. 
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Figure 9. Simplified representation of the biochemical reactions associated with N2O production by 
AOB, coupled with electron and energy transportation. 
 
The expanded N2O model proposed in this study recognizes the fact that the energy generated by 
NH3 oxidation would be utilized for carbon (CO2) fixation via the CBB cycle for biomass growth 
and for maintenance (Poughon2001; Arp and Stein, 2003). The model links the catabolic and 
anabolic processes of AOB through the ATP/ADP pool for the first time. The developed N2O 
models in this work explicitly considered the effect of IC on both AOR and N2O production. The 
results of model calibration and validation of this study demonstrates that the new N2O model is 
able to describe the N2O dynamics under various IC levels (Figure 10). With the increase of IC, 
N2O production via the AOB denitrification pathway increased with a decreasing rate, while N2O 
production via the NH2OH oxidation pathway increased almost linearly. The AOB denitrification 
pathway was the dominant pathway in the IC concentration range of 0.5 - 9.5 mmol C/L, whilst the 
NH2OH oxidation pathway became the main pathway when IC further increased from 9.5 to 11.6 
mmol C/L. 
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Figure 10. Model evaluation results using the N2O production data from a Nitrification System. 
 
3.3.5 Modeling of N2O production by ammonia oxidizing bacteria: single-pathway or two-
pathway models? 
The results indicate that neither of the two single-pathway models are able to describe the N2O data 
under all the investigated conditions, which is consistent with the studies by Ni et al. (2013b) and 
Spérandio et al. (2014), where single-pathway models were compared with short-term and long-
term process data. However, this study revealed specific conditions under which the two single-
pathway models can be used to replace the two-pathway model. These conditions are as depicted in 
Figure 11 and summarized as follows:  
(1) For the AOB denitrification model to be used, it is critical that the DO concentration in the 
system is well controlled at a constant level, which could be the case in many wastewater 
treatment reactors. It can be applied either at low DO concentration (< 0.5 mg O2/L) with 
any investigated NO2
- concentration (0 – 5.0 mg N/L) or at higher DO (≥ 0.5 mg O2/L) with 
significant NO2
- accumulation (≥ 1.0 mg N/L);  
(2) The NH2OH oxidation model can be applied under high DO conditions (≥ 1.5 mg O2/L), 
controlled or varying, with any NO2
- concentration investigated (0 – 5.0 mg N/L);  
(3) Under other conditions, the two-pathway model should be applied. 
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Figure 11. Summary of applicable regions for the AOB denitrification model, the NH2OH 
oxidation model and the two-pathway model under various DO and NO2
- concentrations. 
 
3.4 Discussion 
DO and nitrite are two key factors influencing N2O production by AOB. However, their separated 
and combined effects have not been fully eludcidated. The impact of DO on N2O production was 
first investigated under conditions with very low NO2
- accumulation (<1.5 mg N/L), which was 
achieved by augmenting the NO2
- oxidation rate through the addition of an enriched NOB sludge. 
Then the thesis focused on the effect of various levels of NO2
- accumulations (~3 to ~50 mg N/L) 
on N2O production by AOB at a range of DO levels (0.35 – 3.5 mg O2/L). Together, the 
investigated DO and nitrite levels cover a broad range of scenarios including full-scale activated 
sludge system and nitrification processes. The results revealed that N2OR increased as DO 
concentration increased from 0 to 3.0 mg O2/L in the presence of low nitrite concentrations (< 1.5 
mg N/L), while high DO (above 0.85 mg O2/L) decrease N2OR in the presence of nitrite 
accumulation (~ 3 to ~ 50 mg N/L) (Figure 3&5). In comparison, high DO decreased the N2O 
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emission factors in both nitrite conditions (Figure 3&5). The results also revealed that as NO2
- 
concentration increased from ~3 to ~50 mg N/L at each DO level, both N2OR and N2O emission 
factor increased (Figure 5). The results from both site preference measurement and predictions by 
the two-pathway model demonstrated higher DO concentration would increase the relative 
contribution of NH2OH oxidation pathway, but suppress the the relative contribution of AOB 
denitrificaiton pathway (Figure 4). The model predictions further indicated that the contribution of 
AOB denitrification pathway to N2O production increased as NO2
- concentration increased, but 
decreased as DO concentration increased, accompanied by a corresponding change in the 
contribution of NH2OH oxidation pathway to N2O production (Figure 6). The AOB denitrification 
pathway was predominant in most cases, while NH2OH oxidation pathway was dominant at high 
DO (e.g. 3.5 mg O2/L) and low NO2
- (e.g. below 10 mg N/L) levels.  
 
Ni et al. (2013a) demonstrated that none of the single-pathway models can reproduce all the N2O 
data, probably due to the fact that the two pathways are affected by operational conditions 
differently (Chandran et al., 2011; Stein, 2011). The two-pathway model, incorporating both the 
AOB denitrification and NH2OH oxidation pathways, has the potential to describe all the N2O data 
from WWTPs with different operational conditions, but may require more efforts for model 
calibration. In contrast, the two single-pathway models would be useful for prediction of N2O 
emission from full-scale WWTPs under specific conditions (as demonstrated in this work) due to 
their less structural complexities (only one pathway included) with fewer parameters to be 
calibrated. The results as shown in Figure 11 provides a theoretical guidance, for the first time, on 
how to use the AOB denitrification model and the NH2OH oxidation model under various DO and 
NO2
- conditions in order to simplify the complexity of calibrating mathematical model when 
applying it to real WWTP. 
 
The effect of IC on N2O production by AOB in wastewater treatment has not been elucidated 
before. In the thesis, an enriched nitrifying culture comprising primarily AOB and NOB was used to 
minimize N2O production/consumption by heterotrophic bacteria. The operational conditions (e.g. 
DO, NH4
+, and pH) that would affect N2O production were controlled at relatively constant levels 
in all tests. As a result, the effect of IC on N2O production was studied with minimum interference 
from other influential factors. The thesis revealed, for the first time, a linear relationship between 
N2ORsp and IC concentration in the IC range from 0.4 to 12.4 mmol C/L (R
2 = 0.97) (Figure 7a). 
The limit of this linear function occurred when IC increased to above 14 mmol C/L), with N2OR 
became independent of IC when the IC concentration was above 16 mmol/L. The results were 
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independently confirmed by experimental data obtained from an enriched AOB culture treating 
synthetic anaerobic digester (Figure 8b). As N2O production and the specific growth rate/substrate 
consumption rate of AOB were intrinsically linked (Yu et al., 2010; Law et al., 2012a), it is very 
likely that IC affected N2O production indirectly by causing a change in AOR, resulting in an 
exponential relationship between N2ORsp and AORsp (Figure 8b). Furthermore, based to the 
obtained experimental data, a mathematical model that describes the effect of IC on N2O production 
by AOB is developed. In this model, the variation of the IC concentration changes the overall 
carbon assimilation rate and in turn affects the ATP and ADP concentrations in the ATP/ADP pool. 
This alters the ATP and ADP balance that regulates the energy generating processes of ammonia 
oxidation, oxygen reduction and nitrite reduction, which affect both AOR and N2OR. The model 
calibration and validation results with the use of  two different cultures demonstrate that the new 
N2O model is able to describe the N2O dynamics under various IC levels. With the aid of this 
developed model, it was found that with the increase of IC, N2O production via the AOB 
denitrification pathway increased with a decreasing rate, while N2O production via the NH2OH 
oxidation pathway increased almost linearly (Figure 10). The AOB denitrification pathway was the 
dominant pathway in the IC concentration range of 0.5 - 9.5 mmol C/L, whilst the NH2OH 
oxidation pathway became the main pathway when IC further increased from 9.5 to 11.6 mmol C/L 
(Figure 10). 
 
Since microbial interactions in full-scale WWTPs would be far more complicated and the 
operational conditions may also be highly dynamic from WWTP to WWTP, it is suggested that the 
mitigation strategies of N2O production should be applied to WWTPs on a case-by-case basis. 
However, the understanding generated on the effects of DO, nitrite and IC on N2O production by 
AOB should be highly useful for the design and operation of wastewater treatment processes of any 
type. For example, according to this study, DO should be kept at a relatively high level (e.g. >1.5 
mg O2/L) in a partial nitritation process producing effluent for an anammox reactor. In such a 
nitritation reactor, nitrite accumulation is required, and a higher DO is needed to reduce N2O 
production by AOB. As for one stage process of partial nitritation/Anammox, Anammox is very 
sensitive to high DO concentration, hence we may need to focus on minimizing nitrite accumulation.  
In contrast, it is critical nitrite accumulation should be avoided/minimized in a conventional 
nitrogen removal process through nitrification and denitrification. According to findings, DO in the 
latter system should also be maintained at a relatively high level (e.g. > 1.5mg O2/L). The alkalinity 
concentration (mostly contributed by IC) varies a lot among wastewaters. The alkalinity in domestic 
wastewater is between 1.5 – 3.5 mmol C/L, while the alkalinity in high-strength leachate, septic 
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sludge, and digester supernatant can be as high as 20 mmol C/L (Henze et al., 2002). It should be 
noted that the IC concentration is also dependent on the alkalinity consumption in the wastewater 
treatment system. The range of IC investigated in the thesis (0 -12 mmol C/L) covered the typical 
IC ranges in a wastewater treatment plants (1.5 – 5 mmol C/L) (Pescod 1992; Wett and Rauch, 
2003), the linear dependency revealed in the thesis (Figure 8) is likely applicable for most 
wastewater treatment plants. Therefore, alkalinity could be another important factor accounting for 
the high variability of N2O emissions in full-scale wastewater treatment plants. As demonstrated in 
the thesis, the proposed N2O model is able to predict AOR and N2OR dynamics under varying IC 
levels. The new model provides an opportunity to include the IC concentration as an important 
consideration in the design, operation, and optimization of biological nitrogen removal processes 
and potentially serves as a powerful tool for the estimation of the overall N2O emission factor and 
the development of mitigation strategies under dynamic operational conditions.  
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Chapter 4 Conclusions and Future Work 
 
4.1 Main conclusions of the thesis 
Under the conditions of minimum interference by heterotrophic bacteria and controlled NH4
+ and 
pH levels, three key factors influencing N2O production by AOB, including DO, nitrite and IC, 
have been experimentally investigated and mathematically modeled in this thesis. The key 
conclusions are: 
 The N2O production by AOB in an enriched nitrifying culture is contributed by both AOB 
denitrification pathway and NH2OH oxidation pathway, which is supported by the results 
from both site preference measurement and two-pathway model prediction.  
 Both N2O pathways and their relative contributions are influenced by environmental factors 
such as DO and nitrite. According to the model predictions, the contribution of AOB 
denitrification pathway to N2O production increased as NO2
- concentration increased, but 
decreased as DO concentration increased, accompanied by a corresponding change in the 
contribution of NH2OH oxidation pathway to N2O production.  
 The N2O production rate by AOB is linearly dependent on inorganic carbon concentration 
within its range typical in a wastewater treatment reactor. This observation indicates that 
alkalinity could be a significant factor influencing N2O production and should be taken into 
consideration in estimating and mitigating N2O emissions in wastewater treatment systems. 
 A mathematical model that describes the effect of IC on N2O production by AOB is 
developed and experimentally validated. The IC effect is considered by explicitly including 
the AOB anabolic process in the model, which is coupled to the catabolic process with the 
use of the ATP and ADP pools. With the aid of this developed model, it was found that IC 
also plays an important role in regulating the relative contribution of AOB denitrification 
and NH2OH oxidation pathways to N2O production by AOB. 
 Specific conditions (DO and nitrite) under which the two single-pathway models can be 
used to replace the two-pathway model have been identified. These conditions are: (1) For 
the AOB denitrification model to be used, it is critical that the DO concentration in the 
system is well controlled at a constant level, which could be the case in many wastewater 
treatment reactors. It can be applied either at low DO concentration (< 0.5 mg O2/L) with 
any investigated NO2
- concentration (0 – 5.0 mg N/L) or at higher DO (≥ 0.5 mg O2/L) with 
significant NO2
- accumulation (≥ 1.0 mg N/L); (2) The NH2OH oxidation model can be 
applied under high DO conditions (≥ 1.5 mg O2/L), controlled or varying, with any NO2- 
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concentration investigated (0 – 5.0 mg N/L); (3) Under other conditions, the two-pathway 
model should be applied. 
 
4.2 Recommendations for future research 
During the whole period of my PhD, many research challenges, in addition to the research 
objectives investigated so far, have been identified that entail further research. Some of these are 
summarized below: 
 Although the thesis aimed to separate the DO effect on N2O production by AOB from nitrite 
effect, a nitrite accumulation around 1.0 mg N/L was still observed in each batch test. Future 
research could focus on further minimizing the nitrite accumulation inside the sludge floc by 
involving pretreatment of the sludge using sonicator. 
 In this thesis, a large amount of data has been obtained on the effect of operational 
conditions (e.g. DO, NO2
- and IC concentration) on the N2O production by AOB. The 
coupling of current study to matatranscriptonmic studies may provide more convincing 
evidences for the identified favored conditions of each of the two known N2O pathway and 
help to understand the response and regulation of the N2O production pathways at genetic 
level. 
 Different mitigation strategies could also be experimentally tested and validated before 
application to full-scale WWTPs. 
 More process data from different types of full-scale WWTPs would be useful to verify the 
proposed applicable region of the singe-pathway models. And the collected alkanlinity data 
would be helpful to calibrate the developed N2O model in this thesis for full-scale 
application. 
  
 
 
 
 
 
 
 
 
 
 56 
 
References  
Ahn, J.H., Kim, S., Park, H., Rahm, B., Pagilla, K., Chandran, K., 2010. N2O emissions from 
activated sludge processes, 2008-2009: results of a national monitoring survey in the United 
States. Environmental Science & Technology, 44, 4505-4511. 
Aoi, Y.; Miyoshi, T.; Okamoto, T.; Tsuneda, S.; Kitayama, A.; Kayano, E.; Nagamune, T.; Hirata, 
A. Visualization of microscale distribution of nitrifying bacteria in biofilms formed in 
various type wastewater treatment processes. Advances in Water and Wastewater Treatment 
Technology, 2001, 141-152. 
Anderson, I.C., Poth, M., Homstead, J., Burdige, D., 1993. A comparison of NO and N2O 
production by the autotrophic nitrifier Nitrosomonas europaea and the heterotrophic nitrifier 
Alcaligenes faecalis. Applied and Environmental Microbiology, 59, 3525-3533. 
Anderson, J.H, 1964. The metabolism of hydroxylamine to nitrite by Nitrosomonas. The 
Biochemical Journal, 91, 8-17. 
APHA, 1998. Standard Methods for Examination of Water and Wastewater. twentieth ed. American 
Public Health Association, Washington, DC. 
Arp, D.J., Stein, L.Y., 2003. Metabolism of inorganic N compounds by ammonia-oxidizing 
bacteria. Critical Reviews in Biochemistry and Molecular Biology, 38, 471-495. 
Baggs, E.M, 2008. A review of stable isotope techniques for N2O source partitioning in soils: recent 
progress, remaining challenges and future considerations. Rapid Communications in Mass 
Spectrometry, 22, 1664-1672. 
Bates, B.C., Kundzewicz, Z.W., Wu, S., Palutikof, J.P., 2008. Climate Change and Water.  
Batstone, D.J., Pind, P.F., Angelidaki, I., 2003. Kinetics of thermophilic, anaerobic oxidation of 
straight and branched chain butyrate and valerate. Biotechnology and Bioengineering, 84, 
195-204. 
Beaumont, H.J., Lens, S.I., Reijnders, W.N., Westerhoff, H.V., van Spanning, R.J., 2004. 
Expression of nitrite reductase in Nitrosomonas europaea involves NsrR, a novel nitrite-
sensitive transcription repressor. Molecular Microbiology, 54, 148-158. 
Bock, E., Schmidt, I., Stüven, R., Zart, D., 1995. Nitrogen loss caused by denitrifying Nitrosomonas 
cells using ammonium or hydrogen as electron donors and nitrite as electron acceptor. 
Archives of Microbiology, 163, 16-20. 
 57 
 
Castro-Barros, C. M., Daelman, M. R. J., Mampaey, K. E., van Loosdrecht, M. C. M., Volcke, E. I. 
P., 2015. Effect of aeration regime on N2O emission from partial nitritation-anammox in a full-
scale granular sludge reactor. Water Research, 68, 793-803. 
Chandran, K., Stein, L.Y., Klotz, M.G., van Loosdrecht, M.C.M., 2011. Nitrous oxide production 
by lithotrophic ammonia-oxidizing bacteria and implications for engineered nitrogen-
removal systems. Biochemical Society Transactions, 39, 1832-1837. 
Chung, Y., Chung, M., 2000. BNP test to evaluate the influence of C/N ratio on N2O production 
inbiological denitrification. Water Science & Technology, 42, 23-27. 
Daelman, M.R., De Baets, B., van Loosdrecht, M.C., Volcke, E.I., 2013. Influence of sampling 
strategies on the estimated nitrous oxide emission from wastewater treatment plants. Water 
Research, 47, 3120-3130. 
Daims, H., Nielsen, J.L., Nielsen, P.H., Schleifer, K.H., Wagner, M., 2001. In situ characterization 
of Nitrospira-like nitrite-oxidizing bacteria active in wastewater treatment plants. Applied 
and Environmental Microbiology, 67, 5273-5284. 
Decock, C., Six, J., 2013. How reliable is the intramolecular distribution of 15N in N2O to source 
partition N2O emitted from soil? Soil Biology and Biochemistry, 65, 114-127. 
Denecke, M., Liebig, T., 2003. Effect of carbon dioxide on nitrification rates. Bioprocess and 
Biosystems Engineering, 25, 249-253. 
Eldyasti, A., Nakhla, G., Zhu, J., 2014. Mitigation of nitrous oxide (N2O) emissions from 
denitrifying fluidized bed bioreactors (DFBBRs) using calcium. Bioresource Technology, 173, 
272-283. 
Foley, J., de Haas, D., Yuan, Z., Lant, P., 2010. Nitrous oxide generation in full-scale biological 
nutrient removal wastewater treatment plants. Water Research, 44, 831-844. 
Foley, J., 2009. Life cycle assessment of wastewater treatment system. University of Queensland.  
Foley, J. and Lant, P., 2011. Fugitive greenhouse gas emissions from wastewater systems. 
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D.W., Haywood, J., Lean, 
J., Lowe, D.C., Myhre, G., 2007. Changes in atmospheric constituents and in radiative 
forcing. Climate change, 20. 
Frame, C.H., Casciotti, K.L., 2010. Biogeochemical controls and isotopic signatures of nitrous 
oxide production by a marine ammonia-oxidizing bacterium. Biogeosciences, 7, 3019-3059. 
 58 
 
Ge, H., Jensen, P.D., Batstone, D.J., 2010. Pre-treatment mechanisms during thermophilic-
mesophilic temperature phased anaerobic digestion of primary sludge. Water Research, 44, 
123-130. 
Goreau, T.J., Kaplan, W.A., Wofsy, S.C., McElroy, M.B., Valois, F.W., Watson, S.W., 1980. 
Production of NO2
- and N2O by nitrifying bacteria at reduced concentrations of oxygen. 
Applied and Environmental Microbiology, 40, 526-532. 
Green, M., Ruskol, Y., Shaviv, A., Tarre, S., 2002. The effect of CO2 concentration on a nitrifying 
chalk reactor. Water Research, 36, 2147-2151. 
Guisasola, A., Jubany, I., Baeza, J.A., Carrera, J., Lafuente, J., 2005. Respirometric estimation of 
the oxygen affinity constants for biological ammonium and nitrite oxidation. Journal of 
Chemical Technology and Biotechnology, 80, 388-396. 
Guisasola, A., Petzet, S., Baeza, J.A., Carrera, J., Lafuente, J., 2007. Inorganic carbon limitations on 
nitrification: experimental assessment and modelling. Water Research, 41, 277-286. 
Hagopian, D.S., Riley, J.G., 1998. A closer look at the bacteriology of nitrification. Aquacultural 
Engineering, 18, 223-244. 
Hao, X., Heijnen, J.J., van Loosdrecht, M.C., 2002. Sensitivity analysis of a biofilm model 
describing a one-stage completely autotrophic nitrogen removal (CANON) process. 
Biotechnology and Bioengineering, 77, 266-277. 
Hauduc, H., Rieger, L., Oehmen, A., van Loosdrecht, M. C., Comeau, Y., Héduit, A., 
Vanrolleghem, P. A., Gillot, S., 2013. Critical review of activated sludge modeling: state of 
process knowledge, modeling concepts, and limitations. Biotechnology and Bioengineering, 
110, 24-46. 
Henze, M., Gujer, W., Mino, T. and Van Loosdrecht, M. C. M., 2000. Activated Sludge Models 
ASM1, ASM2, ASM2d and ASM3: Scientific and Technical Report No. 9. IWA Task 
Group on Mathematical Modelling for Design and Operation of Biological Wastewater 
Treatment. 
Henze, M.; Harremoes, P.; Arvin, E.; Jansen, J., 2002. Wastewater Treatment: Biological and 
Chemical Processes, 3rd ed. Springer-Verlag Berlin Heidelberg.  
Hiatt, W.C., Grady, C.P., 2008. An updated process model for carbon oxidation, nitrification, and 
denitrification. Water Environment Research, 80, 2145-2156. 
 59 
 
Hooper, A.B., 1968. A nitrite-reducing enzyme from Nitrosomonas europaea preliminary 
characterization with hydroxylamine as electron donor. Biochimica et Biophysica Acta 
(BBA)-Bioenergetics, 162, 49-65. 
Hynes, R.K., Knowles, R., 1984. Production of nitrous oxide by Nitrosomonas europaea: effects of 
acetylene, pH, and oxygen. Canadian Journal of Microbiology, 30, 1397-1404. 
IPCC, Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 
University Press: Cambridge, United Kingdom and New York, NY, USA, 2013; p 1535. 
 
IPCC, 2007. Climate change 2007: Synthesis Report. Contribution of Working Groups I, II and III 
to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Geneva, 
Switzerland. 
Jun, B.H., Tanji, Y., Unno, H., 2000. Stimulating accumulation of nitrifying bacteria in porous 
carrier by addition of inorganic carbon in a continuous-flow fluidized bed wastewater 
treatment reactor. Journal of Bioscience and Bioengineering, 89, 334-339. 
Kampschreur, M.J., Kleerebezem, R., de Vet, W., van Loosdrecht, M.C.M., 2011. Reduced iron 
induced nitric oxide and nitrous oxide emission. Water Research, 45, 5945-5952. 
Kampschreur, M.J., Picioreanu, C., Tan, N., Kleerebezem, R., Jetten, M.S.M., van Loosdrecht, M., 
2007a. Unraveling the source of nitric oxide emission during nitrification. Proceedings of 
the Water Environment Federation, 2007, 843-860. 
Kampschreur, M.J., Tan, N.C.G., Kleerebezem, R., Picioreanu, C., Jetten, M.S.M., Loosdrecht, 
M.C.M., 2007b. Effect of dynamic process conditions on nitrogen oxides emission from a 
nitrifying culture. Environmental Science & Technology, 42, 429-435. 
Kampschreur, M.J., Temmink, H., Kleerebezem, R., Jetten, M.S.M., Van Loosdrecht, M., 2009. 
Nitrous oxide emission during wastewater treatment. Water Research, 43, 4093-4103. 
Kampschreur, M.J., van der Star, W.R.L., Wielders, H.A., Mulder, J.W., Jetten, M.S.M., van 
Loosdrecht, M., 2008. Dynamics of nitric oxide and nitrous oxide emission during full-scale 
reject water treatment. Water Research, 42, 812-826. 
Khunjar, W.O., Jiang, D., Murthy, S., Wett, B., Chandran, K., 2011. Linking the Nitrogen and One-
Carbon Cycles The Impact of inorganic carbon limitation on ammonia oxidation and 
nitrogen oxide emission rates in ammonia oxidizing bacteria. Proceedings of the Water 
Environment Federation, 2011, 3199-3207. 
 60 
 
Kim, S.W., Miyahara, M., Fushinobu, S., Wakagi, T., Shoun, H., 2010. Nitrous oxide emission 
from nitrifying activated sludge dependent on denitrification by ammonia-oxidizing 
bacteria. Bioresource Technology, 101, 3958-3963. 
Kuai, L., Verstraete, W., 1998. Ammonium removal by the oxygen-limited autotrophic nitrification-
denitrification system. Applied and Environmental Microbiology, 64, 4500-4506. 
Lane, J. and Lant, P. 2012. Including N2O in ozone depletion models for LCA. Int J Life Cycle 
Assess, 17, 252–257. 
Law, Y., Lant, P., Yuan, Z., 2013. The confounding effect of nitrite on N2O production by an 
enriched ammonia-oxidizing culture. Environmental Science & Technology, 47, 7186-7194. 
Law, Y., Lant, P., Yuan, Z., 2011. The effect of pH on N2O production under aerobic conditions in 
a partial nitritation system. Water research, 45, 5934-5944. 
Law, Y., Ni, B.J., Lant, P., Yuan, Z., 2012a. N2O production rate of an enriched ammonia-oxidising 
bacteria culture exponentially correlates to its ammonia oxidation rate. Water Research, 46, 
3409-3419. 
Law, Y., Ye, L., Pan, Y., Yuan, Z., 2012b. Nitrous oxide emissions from wastewater treatment 
processes. Philosophical Transactions of the Royal Society B-Biological Sciences, 367, 
1265-1277. 
Lemaire, R., Chauzy, J., Veuillet, F., DiMassimo, R., Sorensen, K., Deleris, S., 2011. Advanced 
control system to reduce N2O emission and improve performance of an SBR treating n-rich 
effluent via nitrite pathway. Proceedings of the Water Environment Federation, 2011, 6480-
6493. 
Lotito, A.M., Wunderlin, P., Joss, A., Kipf, M., Siegrist, H, 2012. Nitrous oxide emissions from the 
oxidation tank of a pilot activated sludge plant. Water Research, 46, 3563-3573. 
Lu, H., Chandran, K., 2010. Factors promoting emissions of nitrous oxide and nitric oxide from 
denitrifying sequencing batch reactors operated with methanol and ethanol as electron 
donors. Biotechnology and Bioengineering, 106, 390-398. 
Ma, Y., Sundar, S., Park, H., Chandran, K., 2015. The effect of inorganic carbon on microbial 
interactions in a biofilm nitritation--anammox process. Water Research, 70, 246-254. 
Matsuo, T., Hanaki, K., Takizawa, S. and Satoh, H. Advances in Water and Wastewater Treatment 
Technology - Molecular Technology, Nutrient Removal, Sludge Reduction, and 
Environmental Health (1st Edition), 139-142. 
 61 
 
Montzka, S. A.; eimann, ngel, r ger, O’Doherty, turges, W T Blake, D Dorf, M.; Fraser, P.; 
Froidevaux, L.; Jucks, K.; Kreher, K.; Kurylo, M. J.; Mellouki, A.; Miller, J.; Nielsen, O.- J.; 
Orkin, V. L.; Prinn, R. G.; Rhew, R.; Santee, M. L.; Stohl, A.; Verdonik, D. Ozone-Depleting 
Substances (ODSs) and Related Chemicals. 2011, Chapter 1 in Scientific Assessment of Ozone 
Depletion: 2010, Global Ozone esearch and Monitoring Project− eport No 52, 516 pp, World 
Meteorological Organization, Geneva, Switzerland, 2011.  
Ni, B.J., Peng, L., Law, Y., Guo, J., Yuan, Z., 2014. Modeling of nitrous oxide production by 
autotrophic ammonia-oxidizing bacteria with multiple production pathways. Environmental 
Science & Technology, 48, 3916-3924. 
Ni, B.J., Ruscalleda, M., Pellicer-Nàcher, C., Smets, B.F., 2011. Modeling nitrous oxide production 
during biological nitrogen removal via nitrification and denitrification: extensions to the 
general ASM models. Environmental Science & Technology, 45, 7768-7776. 
Ni, B.J., Ye, L., Law, Y., Byers, C., Yuan, Z., 2013a. Mathematical modeling of nitrous oxide 
(N2O) emissions from full-scale wastewater treatment plants. Environmental Science & 
Technology, 47, 7795-7803. 
Ni, B.J., Yu, H.Q., 2008. An approach for modeling two-step denitrification in activated sludge 
systems. Chemical Engineering Science, 63, 1449-1459. 
Ni, B.J., Yuan, Z., Chandran, K., Vanrolleghem, P.A., Murthy, S., 2013b. Evaluating four 
mathematical models for nitrous oxide production by autotrophic ammonia-oxidizing 
bacteria. Biotechnology and Bioengineering, 110, 153-163. 
Ostrom, N.E., Sutka, R., Ostrom, P.H., Grandy, A.S., Huizinga, K.M., Gandhi, H., von Fischer, 
J.C., Robertson, G.P., 2010. Isotopologue data reveal bacterial denitrification as the primary 
source of N2O during a high flux event following cultivation of a native temperate 
grassland. Soil Biology and Biochemistry, 42, 499-506. 
Pan, Y., Ni, B.J., Yuan, Z., 2013a. Modeling electron competition among nitrogen oxides reduction 
and N2O accumulation in denitrification. Environmental Science & Technology, 47, 11083-
11091. 
Pan, Y., Ye, L., Ni, B.-J., Yuan, Z., 2012. Effect of pH on N2O reduction and accumulation during 
denitrification by methanol utilizing denitrifiers. Water Research, 46, 4832-4840. 
Pan, Y., Ye, L., Yuan, Z., 2013b. Effect of H2S on N2O reduction and accumulation during 
denitrification by methanol utilizing denitrifiers. Environmental Science & Technology, 47, 
8408-8415. 
 62 
 
Papen, H., Von Berg, R., Hinkel, I., Thoene, B., Rennenberg, H., 1989. Heterotrophic nitrification 
by Alcaligenes faecalis: NO2
-, NO3
-, N2O, and NO production in exponentially growing 
cultures. Applied and Environmental Microbiology, 55, 2068. 
Pellicer-Nàcher, C., Sun, S., Lackner, S., Terada, A., Schreiber, F., Zhou, Q., Smets, B.F., 2010. 
Sequential aeration of membrane-aerated biofilm reactors for high-rate autotrophic nitrogen 
removal: experimental demonstration.. Environmental science & technology, 44, 7628-7634. 
Pollice, A., Tandoi, V., Lestingi, C., 2002. Influence of aeration and sludge retention time on 
ammonium oxidation to nitrite and nitrate.. Water Research, 36, 2541-2546. 
Poughon, L., Dussap, C. G., Gros, J. B., 2001. Energy model and metabolic flux analysis for 
autotrophic nitrifiers. Biotechnology and Bioengineering, 72, 416-433. 
Rassamee, V., Sattayatewa, C., Pagilla, K., Chandran, K., 2011. Effect of oxic and anoxic 
conditions on nitrous oxide emissions from nitrification and denitrification processes. 
Biotechnology and Bioengineering, 108, 2036-2045. 
Ravishankara, A. R., Daniel, J. S., Portmann, R. W., 2009. Nitrous oxide (N2O): the dominant 
ozone-depleting substance emitted in the 21st century. Science , 326 (5949), 123−125. 
Robertson, L.A., Kuenen, J.G., 1990. Combined heterotrophic nitrification and aerobic 
denitrification in Thiosphaera pantotropha and other bacteria. Antonie van Leeuwenhoek, 
57, 139-152. 
Rodriguez-Caballero, A., Aymerich, I., Marques, R., Poch, M., Pijuan, M., 2015. Minimizing N2O 
emissions and carbon footprint on a full-scale activated sludge sequencing batch reactor. 
Water Research, 71, 1-10. 
Rosso, D., Stenstrom, M.K., 2008. The carbon-sequestration potential of municipal wastewater 
treatment. Chemosphere, 70, 1468-1475. 
Santoro, A.E., Buchwald, C., McIlvin, M.R., Casciotti, K.L., 2011. Isotopic signature of N2O 
produced by marine ammonia-oxidizing archaea. Science, 333, 1282-1285. 
Schalk-Otte, S., Seviour, R.J., Kuenen, J.G., Jetten, M.S.M., 2000. Nitrous oxide (N2O) production 
by Alcaligenes faecalis during feast and famine regimes. Water Research, 34, 2080-2088. 
Schreiber, F., Loeffler, B., Polerecky, L., Kuypers, M.M., de Beer, D., 2009. Mechanisms of 
transient nitric oxide and nitrous oxide production in a complex biofilm. ISME Jounal, 3, 
1301-1313. 
 63 
 
Schulthess, R.V., Gujer, W., 1996. Release of nitrous oxide (N2O) from denitrifying activated 
sludge: verification and application of a mathematical model. Water Research, 30, 521-530. 
Shiskowski, D.M., Mavinic, D.S., 2006. The influence of nitrite and pH (nitrous acid) on aerobic-
phase, autotrophic N2O generation in a wastewater treatment bioreactor. Journal of 
Environmental Engineering and Science, 5, 273-283. 
Spérandio, M., Pocquet, M., Guo, L., Vanrolleghem, P., Ni, B.J., Yuan, Z., 2014. Calibration of 
nitrous oxide production models with continuous long-term process data. In: The 4th 
IWA/WEF Wastewater Treatment Modelling Seminar (WWTmod2014), Spa, Belgium. 
Stein, L.Y., 2011. Surveying N2O-producing pathways in bacteria. Methods in Enzymology, 486, 
131-152. 
Stein, L.Y., Arp, D.J., Berube, P.M., Chain, P.S., Hauser, L., Jetten, M.S., Klotz, M.G., Larimer, 
F.W., Norton, J.M., Op den Camp, H.J., Shin, M., Wei, X., 2007. Whole-genome analysis of 
the ammonia-oxidizing bacterium, Nitrosomonas eutropha C91: implications for niche 
adaptation. Environmental Microbiology, 9, 2993-3007. 
Sutka, R.L., Ostrom, N.E., Ostrom, P.H., Breznak, J.A., Gandhi, H., Pitt, A.J., Li, F., 2006. 
Distinguishing nitrous oxide production from nitrification and denitrification on the basis of 
isotopomer abundances. Applied and Environmental Microbiology, 72, 638-644. 
Sutka, R.L., Ostrom, N.E., Ostrom, P.H., Gandhi, H., Breznak, J.A., 2003. Nitrogen isotopomer site 
preference of N2O produced by Nitrosomonas europaea and Methylococcus capsulatus 
Bath. Rapid Communications in Mass Spectrometry, 17, 738-745. 
Tallec, G., Garnier, J., Billen, G., Gousailles, M., 2008. Nitrous oxide emissions from denitrifying 
activated sludge of urban wastewater treatment plants, under anoxia and low oxygenation. 
Bioresource Technology, 99, 2200-2209. 
Tallec, G., Garnier, J., Billen, G., Gousailles, M., 2006. Nitrous oxide emissions from secondary 
activated sludge in nitrifying conditions of urban wastewater treatment plants: Effect of 
oxygenation level. Water Research, 40, 2972-2980. 
Tchobanoglous, G., Burton, F., Stensel, H.D., 2003. Wastewater Engineering: Treatment and 
Reuse, fourth ed. Metcalf & Eddy Inc. McGraw Hill Education: New York.  
Torà, J.A., Lafuente, J., Baeza, J.A., Carrera, J., 2010. Combined effect of inorganic carbon 
limitation and inhibition by free ammonia and free nitrous acid on ammonia oxidizing 
bacteria. Bioresource Technology, 101, 6051-6058. 
 64 
 
Toyoda, S., Suzuki, Y., Hattori, S., Yamada, K., Fujii, A., Yoshida, N., Kouno, R., Murayama, K., 
Shiomi, H., 2010. Isotopomer analysis of production and consumption mechanisms of N2O 
and CH4 in an advanced wastewater treatment system. Environmental Science & 
Technology, 45, 917-922. 
Toyoda, S., Yoshida, N., Miwa, T., Matsui, Y., Yamagishi, H., Tsunogai, U., Nojiri, Y., 
Tsurushima, N., 2002. Production mechanism and global budget of N2O inferred from its 
isotopomers in the western North Pacific. Geophysical research letters, 29, 71-74. 
UNFCCC, 2008. Kyoto Protocol reference manual on accounting of emission and assigned amount. 
Bonn, Germany: Information Services of the UNFCCC secretariat. Kyoto. 
Von Schulthess, R., Wild, D., Gujer, W., 1994. Nitric and nitrous oxides from denitrifying activated 
sludge at low oxygen concentration. Water Science and Technology, 30, 123-132. 
Wett, B., Rauch, W., 2003. The role of inorganic carbon limitation in biological nitrogen removal of 
extremely ammonia concentrated wastewater. Water Research, 37, 1100-1110. 
Wezernak, C.T., Gannon, J.J., 1967. Oxygen-nitrogen relationships in autotrophic nitrification. 
Applied Microbiology, 15, 1211-1214. 
Wicht, H.1996. A model for predicting nitrous oxide production during denitrification in activated 
sludge. Water Science and Technology, 34, 99-106. 
Wrage, N., Velthof, G.L., Van Beusichem, M.L., Oenema, O., 2001. Role of nitrifier denitrification 
in the production of nitrous oxide. Soil Biology and Biochemistry, 33, 1723-1732. 
Wunderlin, P., Lehmann, M.F., Siegrist, H., Tuzson, B.L., Joss, A., Emmenegger, L., Mohn, J., 
2013. Isotope signatures of N2O in a mixed microbial population system: constraints on 
N2O producing pathways in wastewater treatment. Environmental Science & Technology, 
47, 1339-1348. 
Wunderlin, P., Mohn, J., Joss, A., Emmenegger, L., Siegrist, H., 2012. Mechanisms of N2O 
production in biological wastewater treatment under nitrifying and denitrifying conditions. 
Water Research, 46, 1027-1037. 
Yang, Q., Liu, X., Peng, C., Wang, S., Sun, H., Peng, Y., 2009. N2O production during nitrogen 
removal via nitrite from domestic wastewater: Main sources and control method. 
Environmental Science & Technology, 43, 9400-9406. 
Yu, R., Chandran, K., 2010. Strategies of Nitrosomonas europaea 19718 to counter low dissolved 
oxygen and high nitrite concentrations. BMC microbiology, 10, 70. 
 65 
 
Yu, R., Kampschreur, M.J., Loosdrecht, M.C.M., Chandran, K., 2010. Mechanisms and specific 
directionality of autotrophic nitrous oxide and nitric oxide generation during transient 
anoxia. Environmental Science & Technology, 44, 1313-1319. 
Yuan, Z., Pratt, S., Zeng, R.J., Keller, J., 2006. Modelling biological processes under anaerobic 
conditions through integrating titrimetric and off-gas measurements-applied to EBPR 
systems. Water Science and Technology, 53, 179-189. 
Zhao, W., Wang, Y., Lin, X., Zhou, D., Pan, M., Yang, J., 2014. Identification of the salinity effect 
on N2O production pathway during nitrification: Using stepwise inhibition and 15 N isotope 
labeling methods. Chemical Engineering Journal, 253, 418-426. 
Zheng, H., Hanaki, K., Matsuo, T., 1994. Production of nitrous oxide gas during nitrification of 
wastewater. Water Science and Technology, 30, 133-141. 
Zheng, M., Tian, Y., Liu, T., Ma, T., Li, L., Li, C., Ahmad, M., Chen, Q., Ni, J., 2015. 
Minimization of nitrous oxide emission in a pilot-scale oxidation ditch: Generation, spatial 
variation and microbial interpretation. Bioresource Technology, 179, 510-517. 
Zhou, Y., Pijuan, M., Zeng, R.J., Yuan, Z., 2008. Free nitrous acid inhibition on nitrous oxide 
reduction by a denitrifying-enhanced biological phosphorus removal sludge. Environmental 
Science & Technology, 42, 8260-8265. 
Zhu, X.Y., Chen, Y.G., Chen, H., Li, X., Peng, Y.Z., Wang, S.Y., 2013. Minimizing nitrous oxide 
in biological nutrient removal from municipal wastewater by controlling copper ion 
concentrations. Applied Microbiology and Biotechnology, 97, 1325-1334. 
 
 
 
  66 
Appendix A 
The effect of dissolved oxygen on N2O production by ammonia-oxidizing bacteria in an 
enriched nitrifying sludge 
 
Lai Penga, Bing-Jie Nia, Dirk Erlerb, Liu Yea,c, Zhiguo Yuana* 
 
a Advanced Water Management Centre, The University of Queensland, St. Lucia, Brisbane, QLD 
4072, Australia 
b Centre for Coastal Biogeochemistry Research, Southern Cross University 
c School of Chemical Engineering, The University of Queensland, St. Lucia, Brisbane, QLD 4072, 
Australia 
 
*Corresponding author:  
Zhiguo Yuan, P + 61 7 3365 4374; F +61 7 3365 4726; E-mail zhiguo@awmc.uq.edu.au 
 
Abstract 
Dissolved oxygen (DO) is commonly recognized as an important factor influencing nitrous oxide 
(N2O) production by ammonia-oxidizing bacteria (AOB). However, it has been difficult to separate 
the true effect of DO from that of nitrite, as DO variation often affects nitrite accumulation. The 
effect of DO on N2O production by an enriched nitrifying sludge, consisting of both AOB and 
nitrite-oxidizing bacteria (NOB), was investigated in this study. Nitrite accumulation was 
minimised by augmenting nitrite oxidation through the addition of an enriched NOB sludge. It was 
demonstrated that the specific N2O production rate increased from 0 to 1.9 ± 0.09 (n=3) mg N2O-
N/hr/g VSS with an increase of DO concentration from 0 to 3.0 mg O2/L, whereas N2O emission 
factor (the ratio between N2O nitrogen emitted and the ammonium nitrogen converted) decreased 
from 10.6 ± 1.7% (n=3) at DO = 0.2 mg O2/L to 2.4 ± 0.1% (n=3) at DO = 3.0 mg O2/L. The site 
preference measurements indicated that both the AOB denitrification and hydroxylamine (NH2OH) 
oxidation pathways contributed to N2O production, and DO had an important effect on the relative 
contributions of the two pathways. This finding is supported by analysis of the process data using 
an N2O model describing both pathways. As DO increased from 0.2 to 3.0 mg O2/L, the 
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contribution of AOB denitrification decreased from 92% − 95% to 66% − 73%, accompanied by a 
corresponding increase in the contribution by the NH2OH oxidation pathway. 
 
Keywords: Dissolved oxygen; Nitrous oxide; Ammonia-oxidizing bacteria; Pathways; Site 
preference; Model 
 
1. Introduction 
Nitrous oxide (N2O) is not only a potent greenhouse gas with approximately 300 times global 
warming potential of carbon dioxide (CO2), but also a major sink for stratospheric ozone (IPCC, 
2007; Ravishankara et al., 2009). Wastewater treatment systems are a recognised source of N2O 
(Law et al., 2012b). During biological wastewater treatment, N2O is mainly generated from 
biological nitrogen removal (BNR), which involves both nitrification and denitrification 
(Tchobanoglous et al., 2003; Kampschreur et al., 2009). Recently, ammonia-oxidizing bacteria 
(AOB) are identified as the major contributor to N2O production in wastewater treatment plants 
(Kampschreur et al., 2007; Yu et al., 2010; Law et al., 2012b). However, the mechanisms of N2O 
production by AOB are still not fully understood. According to the current understanding, there are 
two main pathways involved in N2O production by AOB: (i) the reduction of nitrite (NO2
-) to N2O 
via nitric oxide (NO), known as nitrifier or AOB denitrification (Kim et al., 2010) and (ii) N2O as a 
side product during incomplete oxidation of hydroxylamine (NH2OH) to NO2
- (Stein, 2011; 
Chandran et al., 2011; Law et al., 2012a). 
 
Key factors affecting N2O production during nitrification include the ammonium (NH4
+) loading 
rate, the pH, NO2
- or free nitrous acid (FNA) levels, and the dissolved oxygen (DO) concentration. 
It is reported that N2O production increases upon increasing nitrogen load during aerobic 
ammonium oxidation (Tallec et al., 2006; Kampschreur et al., 2007; Yang et al., 2009; Kim et al., 
2010; Law et al., 2012a). The influence of pH on N2O production has been investigated in several 
studies with the use of different cultures. The maximum N2O production during nitrification is 
generally observed at pH of 8.0 – 8.5 (Hynes and Knowles, 1984; Law et al., 2011). Positive 
correlation between N2O production and NO2
- or FNA concentration has also been widely reported 
for both full-scale and lab-scale sludges (Shiskowski and Mavinic, 2006; Tallec et al., 2006; Foley 
et al., 2010; Kim et al., 2010). However, Law et al. (2013a) observed an inhibitory effect of high 
NO2
- concentration (over 50 mg NO2
--N/L) on N2O production by AOB in a nitritation system 
treating anaerobic sludge digestion liquor.  
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DO is a very important factor affecting N2O emission in nitrification. However, contradictory 
observations have been reported in literature. (Table 1). For example, Kampschreur et al. (2007) 
reported that N2O production increased with the decrease of DO concentration and suggested that 
the decreasing DO to oxygen limiting conditions could prompt N2O production from AOB 
denitrification. Goreau et al. (1980) observed a similar dependency of N2O production on DO 
concentration. In contrast, Law et al. (2012a) found that N2O production increased with increasing 
DO levels. The high level of NO2
- (around 500 mg N/L) was later suggested to suppress the AOB 
denitrification pathway (Law et al., 2013). Therefore, the observation likely reflected the effect of 
DO on N2O production via the NH2OH oxidation pathway (Ni et al., 2014). Further complicating 
the observation, Tallec et al. (2006) and Yang et al. (2009) observed a maximum of N2O production 
at a DO concentration of 1.0 mg O2/L. Tallec et al. (2006) further pointed out that the AOB 
denitrification, rather than heterotrophic denitrificaiton, was the main contributor of N2O production 
in the DO range from 0.1 to 2.0 mg O2/L.  
 
Two factors that may have influenced the results of the previous studies investigating the effect of 
DO on N2O production. In several studies (e.g., Tallec et al.
 (2006), Yang et al. (2009) and 
Wunderlin et al. (2012)), activated sludge comprising a large amount of heterotrophic biomass in 
addition to AOB and nitrite-oxidizing bacteria (NOB) was used. It is known that heterotrophic 
bacteria are able to produce and consume N2O, which is influenced by the DO concentration (Law 
et al., 2012b). In such cases, it is difficult to isolate the effect of DO on N2O production by AOB 
from the DO effect on N2O production/consumption by heterotrophic bacteria. Another factor is the 
effect of the accumulated nitrite (Tallec et al., 2006; Foley et al., 2010; Kim et al., 2010). Variation 
in DO affects the activities of both AOB and NOB, and nitrite accumulation may occur particularly 
under low DO conditions (Guisasola et al., 2005). The variation in nitrite accumulation would incur 
an independent effect on N2O production by AOB, which cannot be easily separated from that of 
DO. 
 
The aim of this study is to further clarify the effect of DO on N2O production by AOB. An enriched 
nitrifying culture comprising primarily AOB and NOB was used. While the presence of a relatively 
small amount of heterotrophic bacteria is expected (growing on AOB and NOB cell lysate), their 
effects on N2O production were identified through control tests. To minimize nitrite accumulation 
under varying DO conditions, we added additional NOB, enriched in a separate reactor, to the 
nitrifying sludge during all experiments. To reveal the effects of DO on each of the two known 
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pathways, isotopic measurements of site preference (SP) and bulk 15N/14N ratios (δ15NN2Obulk) were 
used to identify the contribution of each pathway to the overall N2O production. Furthermore, a 
recently proposed N2O model incorporating both pathways was employed to analyze the 
experimental data, in order to gain independent evidence of the relative contributions by the 
pathways (Ni et al., 2014). 
 
2. Materials and methods 
2.1. Culture enrichment and reactor operation  
Two lab-scale sequencing batch reactors (SBRs) were operated in the laboratory at room 
temperature (22.0 – 23.0 ºC) seeded with sludge from a domestic wastewater treatment plant in 
Brisbane, Australia. One was fed with ammonium with the aim to obtain an enriched culture of 
AOB and NOB, and the other with nitrite to obtained an enriched culture of NOB. Both reactors 
had working volumes of 8 L, and were operated with a cycle time of 6 hr consisting of 260 min 
aerobic feeding, 20 min aeration, 1 min wasting, 60 min settling and 19 min decanting periods. 
During each cycle, 2 L of synthetic wastewater (compositions are described below) was fed to the 
reactors, resulting in a hydraulic retention time (HRT) of 24 hr. Compressed air was supplied to the 
reactors during the feeding and aerobic phases. DO in both reactors were continuously monitored 
online using miniCHEM-DO2 meters and controlled between 2.5 and 3.0 mg O2/L with a 
programmed logic controller (PLC). pH in the two reactors were measured with miniCHEM-pH 
meters. For the AOB + NOB culture, pH was controlled at 7.5 by dosing 1 M NaHCO3, and for the 
NOB culture, the pH was not controlled but was stable in the range of 7.0 – 7.3. The solids retention 
time (SRT) was kept at 15 days for both reactors by wasting 130 mL of sludge during the 1-min 
wasting period.  
 
The synthetic wastewater for the AOB + NOB culture comprised per liter (adapted from Kuai and 
Verstraete (1998)): 5.63 g of NH4HCO3 (1 g NH4
+-N), 5.99 g of NaHCO3, 0.064 g of each of 
KH2PO4 and K2HPO4 and 2 mL of a trace element stock solution. The trace element stock solution 
contained: 1.25 g/L EDTA, 0.55 g/L ZnSO4·7H2O, 0.40 g/L CoCl2·6H2O, 1.275 g/L MnCl2·4H2O, 
0.40 g/L CuSO4·5H2O, 0.05 g/L Na2MoO4·2H2O, 1.375 g/L CaCl2·2H2O, 1.25 g/L FeCl3·6H2O and 
44.4 g/L MgSO4·7H2O. The synthetic wastewater for the NOB culture comprised per liter (adapted 
from Kuai and Verstraete (1998)): 4.93 g of NaNO2 (1 g NO2
--N), 0.4 g of NaHCO3, 1 g of each of 
KH2PO4 and K2HPO4 and 2 ml of a stock solution containing trace elements, as described above.  
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At the time the batch tests described in the next section were conducted, the two reactors were both 
in steady state for more than 5 months, with 100% conversion of NH4
+ to NO3
- by the AOB + NOB 
culture and of NO2
- to NO3
- by the NOB culture at the end of each cycle. The mixed liquor volatile 
suspended solids (MLVSS) concentrations in both reactors were also stable at 1480 ± 28 (n=8) and 
570 ± 43 (n=6) mg/L, respectively. Characterization of the biomass compositions using 
fluorescence in situ hybridization (FISH) indicated that (1) for the enriched AOB + NOB culture, 
46 ± 6% of the EUBMix probe targeted cells bound to the NSO1225 probe, which covers ammonia-
oxidising beta-proteobacteria comprising the Nitrosospira, Nitrosococcus and Nitrosomonas 
genera; 38 ± 5% of the EUBMix probe targeted cells bound to the Ntspa662 probe, specific for the 
Nitrospira genera (nitrite oxidizers); All the NIT3 probes applied did not give any signals, 
suggesting the absence or very low abundance of the Nitrobacter genera (nitrite oxidizers); (2) for 
the enriched NOB culture, 75 ± 8% of the EUBMix probe targeted cells bound to the Ntspa662 
probe, specific for the Nitrospira genera; 1.2 ± 0.5% of the EUBMix probe targeted cells bound to 
the NIT3 probes, specific for the Nitrobacter genera. FISH was performed according to the 
procedure as previously described (Law et al., 2011). The biovolume fraction of the bacteria of 
interest was determined by analysing 20 FISH images for each reactor using DAIME version 1.3 
(Daims et al., 2001). Reported values are mean percentages with standard deviations. 
 
2.2. Experimental design  
Eight sets of batch tests were carried out, with key experimental conditions summarized in Table 2. 
All tests were performed in triplicate. For each test, 0.133 L and 0.3 L mixed liquor was withdrawn 
from the AOB + NOB and the NOB reactors, respectively. They were mixed in a 2-L beaker on a 
magnetic stirrer and diluted to 1 L by adding 0.567 L decant from the AOB + NOB reactor, before 
being used for the experiments. Before each test, 50 mL mixed liquor samples were taken from the 
AOB + NOB reactor to determine the mixed liquor suspended solids (MLSS) concentration and its 
volatile fraction (MLVSS) (all in triplicate). The MLVSS concentration of the AOB + NOB sludge 
in each batch test was calculated based on these measured concentrations and the dilution ratio. 
 
All batch tests were carried out at room temperature (22.0 – 23.0 ºC) in a 1.3 L reactor with a 
sealable lid. DO and pH in all tests were continuously monitored online using a miniCHEM-DO2 
sensor and a miniCHEM-pH metre, respectively. pH was controlled at 7.5 using a PLC by dosing 1 
M NaHCO3 or 1 M HCl. In all tests, DO concentration was manually controlled at the designed 
level (Table 2) during the entire experiment with a gas mixture of N2 and air. The N2 flow and air 
flow were adjusted using two mass flow controllers (Smart- Trak 50 series- 1 L/min and 5 L/min, 
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Sierra). The total gas flow rate was controlled constantly at 0.5 L/min. For each change in DO 
concentration, the change in the air flow rate was compensated for by an equivalent change in the 
N2 flow rate.  
 
Each test consisted of two phases, namely a control phase and an experimental phase. The same DO 
level (Table 2) was applied to both phases. In the control phase lasting for 20 min, no NH4
+ was 
added and N2O production can therefore be attributed to heterotrophic activity. In the following 
experimental phase, which lasted for 90 min, the NH4
+ concentrations in all tests were controlled at 
18 ± 2 mg NH4
+-N/L through manually adding a stock solution of 33.8 g/L NH4HCO3 and 36 g/L 
NaHCO3 with intervals of 15 – 30 min, with amounts determined using the method described in the 
Supplementary Information. During each test, mixed liquor samples were taken every 30 min for 
NH4
+, NO2
- and NO3
- analyses using a syringe and immediately filtered through disposable 
Millipore filters (0.22 µm pore size).  
 
In order to evaluate the possible N2O consumption by heterotrophic bacteria, three N2O 
consumption tests were also conducted at different DO levels of 0.5, 1.5 and 3.0 mg O2/L using the 
same mixture of the two cultures as described above. Aeration was stopped after DO reached the 
designed levels. Then 1 mL of saturated N2O solution was added into the batch reactor. The 
headspace was removed by adding the same mixture of the two cultures. After that the batch reactor 
was fully sealed. The N2O concentration was then monitored online for 30 min using a N2O 
microsensor (to be further described). The N2O consumption rate was determined from the 
measured N2O concentration profile.  
 
2.3. On-line N2O monitoring 
N2O concentration in the gas phase of batch reactor was measured with a URAS 26 infrared 
photometer (Advance Optima Continuous Gas Analyser AO2020 series, ABB), with a measuring 
range of 0 – 100 ppmv and detection limit of 1.0 ppmv. Data were logged every 30 s. To prevent 
moisture from entering the analyser, a moisture filter was installed at the gas inlet of the analyser. A 
t-shaped tubing joint was fitted on to the gas sampling tube connecting the gas outlet of the reactor 
and the gas analyser. This allowed the excess gas flow from the reactor to escape from the system, 
maintaining atmospheric pressure in the reactor. The sampling pump of the analyser was adjusted to 
be lower than the total gas flow rate in the reactor at all time. The N2O analyser was calibrated 
periodically as per manufacturer’s instruction and no signal drift was detected.  
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N2O concentration in liquid phase was measured using a N2O microsensor (N2O-100 with a 
detection limit of 0.0028 mg N2O-N/L, Unisense A/S. Aarhus, Denmark), with data logged every 
10 seconds. A two-point calibration was performed before each batch test with deionised water as 
zero and a N2O stock solution with a dissolved N2O concentration of 7.235 mg N/L. The signal of 
the sensor has been shown to be linear within the range of 0-14 mg N2O-N/L in water (Andersen et 
al., 2001).  
 
2.4. Calculations  
Biomass specific ammonia oxidation rate (AOR), biomass specific N2O production rate (N2OR) and 
the ratio between N2O nitrogen emitted and the ammonium nitrogen converted (N2O emission 
factor) were determined for each batch test. Due to the fact that the NH4
+ concentration was kept 
approximately constant during each batch test by periodical addition of NH4
+HCO3, the converted 
NH4
+ was calculated based on the amounts of NH4
+ added and the measured NH4
+ concentration 
profile. N2OR was calculated by multiplying the measured gas phase N2O concentration and the 
known gas flow rate. The average N2OR over each testing period (with constant conditions applied) 
was calculated by averaging the measured N2OR over the period (relatively constant in all cases). 
The biomass-specific N2OR (mg N2O-N/hr/g VSS) and biomass-specific AOR (mg NH4
+-N/hr/g 
VSS) were calculated by normalising the N2OR and AOR data with the MLVSS concentration of 
the AOB + NOB sludge. The N2O emission factor was calculated based on the ratio between the 
total N2O emitted (mg N2O-N) and the total NH4
+ converted (mg NH4
+-N) during each batch test. In 
all the plotted graphs, error bars show the standard deviation calculated from triplicate tests. 
 
2.5. Isotopic measurement 
200 mL mixed liquor samples were taken in triplicate at the end of one batch test at each DO level 
for isotopic measurement. The samples were placed in 200 mL bottles with 150 µL saturated 
mercury chloride and sealed. Bulk isotope and isotopomer signatures were measured with cavity 
ring down spectroscopy (G5101-i Picarro Inc., Santa Clara, CA. USA). A 50 mL of sample was 
replaced by 50 mL of zero air (i.e. N2O free synthetic air, Air Liquide, Aust.) in bottles containing 
the wastewater samples. After 24 hr on a shaker table (100 rpm) the equilibrated headspace gas was 
transferred into a 500 mL gas sampling bag (CaliBond 5) using a gas tight syringe. The headspace 
in each bottle was replaced with tap water that had been bubbled with zero air for 0.5 hr. The 
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headspace gas in the sample bags was diluted with appropriate amounts of zero air to give a final 
N2O concentration between 0.5 and 1.5 ppmv.  
 
The prepared headspace samples were attached to the G5101-I inlet. Prior to entering the instrument 
the gas samples were passed through a series of filters. These included water (Drierite), CO2 
(Ascarite), CO (Pt granules) and H2S (Cu filings) traps. The G5101-i is sensitive to variable N2O 
and O2 concentrations and corrections were applied post analysis for these parameters. The G5101-i 
has a precision of ± 2‰ for alpha and beta isotopomers. The bulk 15N-N2O was given as the 
average of the alpha and beta values. The site preference (SP) was calculated as the difference 
between alpha and beta isotopomer signatures.  
 
The contributions of the two pathways to the total N2OR were estimated using Equation 1:  
𝐹𝑁𝐷 = (1 − 𝐹𝑁𝑂) =
𝑆𝑃𝑡𝑜𝑡−28.5‰
−2‰−28.5‰
   (1) adapted from Wunderlin et al. (2013)  
where: FND = the fraction of N2OR from AOB denitrification, FNO = the fraction of N2OR from 
NH2OH oxidation, SPtot = measured SP value at varying DO levels, 28.5‰ = the SP value of N2O 
produced from NH2OH oxidation (Wunderlin et al., 2013), and -2‰ = the SP value of N2O 
produced from AOB denitrification (Wunderlin et al., 2013). 
 
2.6. Chemical analysis 
The NH4
+, NO3
- and NO2
- concentrations were analysed using a Lachat QuikChem8000 Flow 
Injection Analyser (Lachat Instrument, Milwaukee). The MLSS concentration and its volatile 
fraction (MLVSS) were analysed in triplicate according to the standard methods (APHA1998). 
 
2.7. Model-based estimation of N2O production by the two pathways 
A previously proposed N2O model incorporating both the NH2OH oxidation and AOB 
denitrification pathways was employed to interpret the experimental data. The key feature of the 
model is that the model links the oxidation and reduction processes through a pool of electron 
carriers (Ni et al., 2014). The stoichiometry and kinetics of the two-pathway N2O model, as well as 
the parameter values used, are summarized in Table S1 and S2 (refer to Supplementary 
Information). Two model parameters, namely the maximum ammonia oxidation rate (𝑟𝑁𝐻3,𝑜𝑥) and 
the oxygen affinity constant for ammonia oxidation ( 𝐾𝑂2,𝑁𝐻3 ), were estimated using the 
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experimental AOR data from the eight sets of batch tests. The maximum oxygen reduction rate 
(𝑟𝑂2,𝑟𝑒𝑑), maximum nitrite reduction rate (𝑟𝑁𝑂2,𝑟𝑒𝑑) and maximum NO reduction rate (𝑟𝑁𝑂,𝑟𝑒𝑑), 
which are the key parameters governing the N2O production via the two pathways, were estimated 
using the experimental N2OR data from eight sets of batch tests. All other parameters were adapted 
from the literature.  
 
Parameter estimation and parameter uncertainty evaluation were done according to Batstone et al. 
(2003). The standard errors and 95% confidence intervals of individual parameter estimates were 
calculated from the mean square fitting errors and the sensitivity of the model to the parameters. 
The determined F-values were used for parameter combinations and degrees of freedom in all cases. 
A modified version of AQUASIM 2.1d was used to determine the parameter surfaces (Ge et al., 
2010). 
 
3. Results 
3.1. N2O production in the batch tests 
As an example, Figure 1 shows the dissolved and gaseous N2O profiles along with the DO, NH4
+, 
NO2
- and NO3
- profiles in a batch test with DO at 0.5 mg O2/L. The profiles of all these variables in 
all other tests displayed very similar trends (Figure S1). During the 20 min control phase without 
NH4
+ addition, nitrate (over 1000 mg N/L) serves as the only substrate for hetertrophic 
denitrification. N2O concentrations in both the liquid and gas phases remained constant at zero, 
indicating no N2O production from heterotrophic denitrification, likely due to the lack of readily 
degradable carbon sources. Moreover, the results of the N2O consumption tests (Figure S2) 
indicated that the ordinary heterotrophic organisms (OHO) consumed N2O at negligible rates, also 
likely due to the lack of readily degradable carbon sources (Details are shown in Supplementary 
Information). Therefore, the effect of heterotrophic denitrification on N2O production during the 
entire test was negligible. After the addition of NH4
+, both liquid and gaseous N2O concentrations 
increased sharply and reached steady state within 10 min. N2OR in the pseudo steady state was 
determined as 1.09 mg N/hr/g VSS for this test. The NH4
+ concentration was relatively constant at 
18 mg N/L due to periodic addition of NH4
+. The NO2
- concentration was around 0.5 mg N/L 
during the entire test. NO3
- concentration was around 1000 mg N/L, a level that was also observed 
in the parent reactors. AOR in this test was determined from the NH4
+ profile and the amount added, 
as 19.3 mg N/hr/g VSS. The N2O emission factor was calculated to be 5.4% for this test.   
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In batch tests, with the increase of DO concentration from 0 to 3.0 mg O2/L, AOR increased from 0 
to 74 ± 1.6 (n=3) mg N/hr/g VSS (Figure 2a), while its increasing rate decreased. The N2OR 
increased quickly with the increasing DO concentration from 0 to 1.0 mg O2/L, but stabilized at 
approximately 1.9 mg N/hr/g VSS for DO concentrations in the range of 1.0 – 3.0 mg O2/L (Figure 
2b). The correlation between N2OR and AOR was positive when the AOR was below 40 mg N/hr/g 
VSS, above which the N2OR became independent of the AOR (Figure 2c). In contrast, a negative 
correlation between the N2O emission factor and the DO concentration was detected (Figure 2d). 
The highest N2O emission factor (10.6 ± 1.7%, n=3) was achieved at the lowest non-zero DO 
concentration used in this study (0.2 mg O2/L) and it dropped sharply to 5.2% when the DO 
concentration increased to 0.5 mg O2/L. The emission factor further decreased with the increase of 
DO, albeit at a lower rate. The lowest N2O emission factor of 2.4 ± 0.1% (n=3) was observed at the 
highest DO level of 3.0 mg O2/L. 
 
3.2. Model-based analysis of the batch test data to estimate the contributing pathways 
The calibration of the N2O model involved estimating key parameter values for the N2O production 
via the two pathways by fitting simulation results to the eight sets of batch data under various DO 
conditions. The obtained values of the five key parameters (𝑟𝑁𝐻3,𝑜𝑥, 𝐾𝑂2,𝑁𝐻3, 𝑟𝑂2,𝑟𝑒𝑑, 𝑟𝑁𝑂2,𝑟𝑒𝑑 and 
𝑟𝑁𝑂,𝑟𝑒𝑑) are comparable with those reported in Ni et al. (2014) based on the two-step calibration 
procedure. The 95% confidence regions for all the parameter pairs were bound by small ellipsoids 
having mean values for the parameter estimates approximately at the center, indicating good 
identifiability of these five estimated parameters (Figure S4).  
 
The model simulated N2OR fitted well with the batch test measured N2OR at all DO concentrations 
(Figure 3). The simulated N2OR consists of two parts, namely N2OR via the AOB denitrification 
pathway and N2OR via the NH2OH oxidation pathway. The model-based data analysis indicated 
that N2OR from the AOB denitrification pathway increased as DO increased from 0 to 1.0 mg O2/L 
and then remained almost constant in the DO concentration range of 1.0 to 3.0 mg O2/L. The 
model-predicted N2OR from the NH2OH oxidation pathway increased with DO increase in the 
entire DO concentration range studied. At all DO levels, N2OR from AOB denitrification 
dominated over that from NH2OH oxidation (Figure 3).  
 
3.3. Isotopic analysis to identify the contributing pathways  
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The δ15Nbulk and the SPs of the produced N2O during batch tests under varying DO levels were 
determined (Figure 4). The δ15Nbulk of N2O increased from -67.8‰ to -36.9‰ with the increase of 
DO level from 0.2 to 3.0 mg O2/L  (Figure 4a). The SP results also showed a clearly increasing 
trend (from -0.5‰ to 6.4‰) as DO increased from 0.2 to 3.0 mg O2/L  (Figure 4b). In the lower DO 
(0.2 – 0.5 mg O2/L) and higher DO (1.5 – 3.0 mg O2/L) ranges, the SP values increased gradually 
with increased DO concentration. A rapid SP value increase was observed when the DO increased 
from 0.5 to 1.5 mg O2/L. The lowest SP value (-3.4‰) observed at DO level of 1.0 mg O2/L is 
likely an outliner possibly due to improper preservation of the samples on the day, and is excluded 
from further data analysis.  
 
From the SP data the contributions of the AOB denitrification and the NH2OH oxidation pathways 
to the overall N2O production at all DO levels was estimated (Equation 1). It was seen that the 
contribution of the AOB denitrification pathway decreased from 95% to 73% as DO increased from 
0.2 to 3.0 mg O2/L, while the contribution of the NH2OH oxidation pathway increased from 5% to 
27% upon increasing DO concentrations (Figure 5). These results are consistent with the model-
predicted contributions of the two pathways as shown in Figure 3 (Figure 5). The model predicted 
that the contribution of the AOB denitrification pathway decreased from 92% to 66% when DO 
concentration increased from 0.2 to 3.0 mg O2/L, while the contribution of the NH2OH oxidation to 
N2OR increased from 8% to 34% with the DO increase.  
 
4. Discussion 
4.1. The effect of DO concentration on N2O production by AOB 
The effect of DO concentration on N2O production by AOB in wastewater treatment has not been 
fully elucidated, due to the interfering factors such as the accumulation of nitrite when DO was 
varied and also the presence of N2O producing/consuming heterotrophic bacteria (refer to 
Introduction). As summarized in Table 1, such interferences have likely resulted in inconsistent 
observations.  
 
The lowest NO2
- accumulation in the preliminary batch tests using the enriched AOB+NOB culture 
alone was above 3 mg N/L due to the unbalanced microbial activity between AOB and NOB. 
However, in the eight sets of batch tests with addition of NOB culture, N2O production was 
investigated under the conditions of low NO2
- accumulation (< 2.0 mg N/L in all tests, and < 1.5 mg 
N/L in most cases). Further, the NO2
- profiles in each set of batch test showed very similarly 
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increasing trends (with the exception of Figure S1a with DO = 0 mg O2/L). The consistency in the 
nitrite profiles in all tests implies that, the effect of the low level accumulation of nitrite on N2O 
production, if any, would have been similar in all tests. Therefore, the differences in N2O 
production in different tests can be attributed to DO variation. It should be highlighted that, as 
nitrite is a product of ammonium oxidation, it is not possible to completely eliminate nitrite during 
ammonium oxidation. Even in the absence of nitrite accumulation in the bulk, some accumulation 
of nitrite in bacterial cells is expected. 
 
Under the conditions of low NO2
- accumulation, minimum interference by heterotrophic bacteria, 
and controlled NH4
+ and pH levels, we were able to successfully isolate the effect of DO as the 
primary varying factor for the first time. The results of this work revealed that N2OR increased as 
DO concentration increased from 0 to 3.0 mg O2/L, while the N2O emission factor decreased upon 
increasing DO (Figure 2b and 2d). Some full-scale and lab-scale studies have also observed this 
increase of N2OR against increasing DO (Foley et al., 2010; Ahn et al., 2010; Law et al., 2012a; Ni 
et al., 2013). In a similar nitrifying culture study by Kampschreur et al. (2007) the emission factor 
was 2.8% at a DO of 4.6 mg O2/L, which is consistent with our result of 2.4% at a DO of 3.0 mg 
O2/L. Other studies have also detected a negative correlation between the DO and the N2O emission 
factor in batch tests using pure and enriched cultures (Goreau et al., 1980; Zheng et al., 1994).  
 
Our findings could partially offer an explanation of those inconsistent observations regarding the 
effects of DO (Tallec et al., 2006; Yang et al., 2009; Law et al., 2012a). In comparison to the 
cultures used in this study and in Kampschreur et al. (2007), those used in Tallec et al. (2006), Yang 
et al. (2009) and Wunderlin et al. (2012) most certainly contained a substantial amount of 
heterotrophic biomass due to the use of real wastewater. Contrary to what we observed in this study 
that heterotrophic bacteria had a negligible involvement in N2O production and consumption, 
heterotrophic bacteria in their sludges likely contributed to both N2O production and consumption. 
As DO concentration is known to influence both N2O production and consumption by heterotrophic 
bacteria (Law et al., 2012b), the effects of DO on N2O production observed in some of the previous 
studies may not be solely associated with AOB. The enriched AOB culture in the study of Law et al. 
(2012a) was adapted to higher temperature (33 ºC) and high levels (500 mg N/L) of NH4
+ and NO2
-. 
The observed N2OR dependency on DO may be quite unique for such conditions. Indeed, Law et al. 
(2013) demonstrated that AOB denitrification was likely completely suppressed by nitrite, and 
therefore the DO effect on N2OR was likely linked to its effect on the NH2OH oxidation pathway 
only.  
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4.2. Dependency of AOB N2O production pathways on DO levels 
Isotopic techniques have been used as an important tool for source-identification of N2O production 
in wastewater treatment (Decock and Six, 2013; Wunderlin et al., 2013). Unlike δ15N, which 
depends on isotopic composition of substrates, SP has a major advantage of being independent of 
the precursors (Toyoda et al., 2002). The SP values measured in this study varied between -0.5‰ 
and 6.4‰ rising with DO increasing levels (Figure 4b). This is consistent with other reported SP 
values during NH4
+ oxidation (e.g. -5.8‰ to 5.6‰) (Wunderlin et al., 2013). Previous studies have 
shown a large variation of SP values between the AOB denitrification pathway (−10.7 ± 2.9‰ to 
0.1 ± 1.7‰) and the NH2OH oxidation pathway (30.8 ± 5.9‰ to 36.3 ± 2.4‰) (Sutka et al., 2006; 
Frame and Casciotti, 2010; Wunderlin et al., 2013). The observed SP values in our study were well 
between these two ranges, indicating that the N2O production from all batch tests resulted from a 
combination of the two N2O production pathways. The large difference of the SP values associated 
with the N2O produced by AOB denitrification and NH2OH oxidation also provides an opportunity 
to identify the relative contribution of each pathway. Based on the SP analysis (Equation 1), it is 
revealed that AOB dentrification was the dominant pathway (73% – 95%) over the NH2OH 
oxidation pathway (5% – 27%) for the AOB culture studied in this work (Figure 5). This finding is 
consistent with some previous studies of soil and mixed cultures (Ostrom et al., 2010; Toyoda et al., 
2010; Wunderlin et al., 2013).  
 
The SP results (Figure 5) also demonstrated that at higher DO the relative contribution of the 
NH2OH oxidation pathway increased. These results are in good agreement with the prediction by a 
mathematical model that integrated the AOB denitrification and the NH2OH oxidation pathways 
(Figure 3, Figure 5). In addition, results of linear regression showed that the effect of NO2
- on N2O 
production occurred at these low NO2
- accumulation levels (Figure S5) was not significant (R2 = 
0.29), compared to the effect of DO (R2 = 0.81). Collectively these demonstrate that DO is an 
important factor regulating the relative contributions of the two pathways. The model-based data 
analysis further revealed that N2OR due to the NH2OH oxidation pathway increased almost linearly 
(R2=0.92) with DO concentration (Figure 3), which is in agreement with the results of Law et al. 
(2013). With the AOB denitrification pathway largely suppressed (Law et al., 2013; Ni et al., 2014), 
it is reported that the enriched AOB culture produces N2O at a rate almost proportional to DO 
concentration. 
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In other studies, it is reported that AOB denitrification is promoted at oxygen limiting conditions 
(Tallec et al., 2006; Kampschreur et al., 2007). However, the model based data analysis in this study 
suggested that the biomass-specific N2O production rate from AOB denitrification increased as DO 
concentration increased. One explanation is that, as nitrite was quickly oxidised to nitrate at all DO 
levels by the enhanced NOB population used in this study, the possible stimulating effect of NO2
- 
accumulation, which often happens particularly at low DO levels, on N2O production by AOB 
would thus be diminished. It has indeed been frequently reported that nitrite accumulation 
stimulates N2O production (Tallec et al., 2006; Foley et al., 2010; Kim et al., 2010).
 Our 
observation that N2OR from AOB denitrification increased upon increasing DO likely resulted from 
increased electron flow during the higher levels of ammonia and hence NH2OH oxidation. It is 
probable that the electron flux to AOB denitrification also increased as a result. This hypothesis 
should be understood in the context that lower DO concentrations did lead to higher N2O emission 
factors (Figure 2d), implying that the fraction of electrons distributed to AOB denitrification 
decreased with increasing DO. 
 
5. Conclusions 
In this work, the effect of DO on the N2O production by an enriched nitrifying culture was 
investigated under the condition of low nitrite accumulation (< 1.5 mg NO2
--N/L). The main 
conclusions are: 
 The N2O production rate was found to increase with increased DO concentration in the 
studied range of 0 – 3.0 mg O2/L, while the N2O emission factor decreased substantially 
with increased DO. 
 The site preference measurements indicated that both the AOB denitrification and NH2OH 
oxidation pathways contributed to N2O production. 
 The experimental observations were well described by a two-pathway N2O model that 
including both the AOB denitrification and NH2OH oxidation pathways.  
 Both the isotope measurement and the modeling results suggested that the AOB 
denitrification pathway dominates (66% – 95%) over the NH2OH oxidation (5% – 34%) 
pathway in the studied DO range (0 – 3.0 mg O2/L) and at low NO2- concentrations (< 1.5 
mg NO2
--N/L) with DO playing a pivotal role in affecting their relative contributions.  
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Table 1. Summary of previous studies on the effect of DO on N2O production by nitrifying cultures. 
Reference Experimental Conditions  Remarks 
Goreau et al. (1980)  A pure culture of AOB; DO: 0.18, 0.35, 1.8, 3.5 and 7 mg O2/L; NO2-: 3.5-37.8 
mg N/L 
Both the N2O production rate and the emission factor increased when 
DO was reduced. 
Poth and Focht (1985) Nitrosomonas europaea are grown under well-aerated condition and static 
condition; NO2-: average at 14.4 mg N/L 
Nitrosomonas europaea produced N2O only under oxygen limiting 
conditions. 
Kester et al. (1997) Nitrosomonas europaea; DO: 0-7 mg O2/L; NO2-:109-123 mg N/L Highest N2O production occurred at 0.087 mg O2/L. 
Tallec et al. (2006) Full-scale activated sludge; DO was controlled at levels from 0.1-6.2 mg O2/L; 
NH4+: 0-20 mg N/L 
Highest N2O emission was observed at 1.0 mg O2/L. 
Kampschreur et al. (2007) Enriched nitrifying culture; DO: imposition of transient anoxia; NO2-: around 20 
mg N/L; NH4+: around 10 mg N/L; 
N2O emission increased with decreasing oxygen. 
Yang et al. (2009) Pilot-scale activated sludge treating domestic wastewater; DO: 0-5 mg O2/L; NO2-: 
0-15 mg N/L; NH4+: 0-40 mg N/L 
Highest N2O production was observed at 1.0 mg O2/L. 
Yu et al. (2010) A pure culture of AOB; DO: imposition of transient anoxia; NH4+ and NO2- in the 
effluent were 2.2±1.1 and 240±41 mg N/L, respectively. 
Recovery from anoxia to aerobic conditions led to high N2O 
production. 
Rassamee et al. (2011) Lab-scale activated sludge treating municipal wastewater; four DO conditions: (1) 
fully aerobic; (2) anoxic-aerobic with high DO; (3) anoxic-aerobic with low DO; 
(4) intermittent aeration; NO2-: 0-11 mg N/L 
Changes in aeration induced higher N2O production. 
Wunderlin et al. (2012) Pilot-scale activated sludge treating domestic wastewater; DO was controlled at 
different levels from 0.6-3.1 mg O2/L; four series of batch tests with different 
additions of (1) NH4+ (25 mg N/L); (2) NO2- (15 mg N/L); (3) NO3- (20 mg N/L); 
(4) NH2OH (10 mg N/L). 
N2O production was dynamic and variable, but not oxygen-dependent. 
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 Law et al. (2012a) Enriched AOB culture treating anaerobic sludge digestion liquor; DO: 0.55, 1.25, 
1.8 and 2.4 mg O2/L; NO2-: 500±50 mg N/L; NH4+: 500±50 and 50±5 mg N/L. 
An exponential relationship between the N2O production and ammonia 
oxidation rate was found. 
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Table 2. Experimental conditions applied in the batch tests. 
Test series pH 
Ammonium 
(mg N/L) 
DO (mg O2/L) 
I 7.5 18±2 3.0 
II 7.5 18±2 2.5 
III 7.5 18±2 2.0 
IV 7.5 18±2 1.5 
V 7.5 18±2 1.0 
VI 7.5 18±2 0.5 
VII 7.5 18±2 0.2 
VIII 7.5 18±2 0 
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Figure 1. Levels of gas phase N2O (—), liquid phase N2O (), NH4+ (), NO2- () 
and NO3
- () in a batch test with DO (—) at 0.5 mg O2/L and pH at 7.5. 
 
 
 
 
 
 
 89 
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0
20
40
60
80
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0
2
4
6
8
10
12
14
0 20 40 60 80
0.0
0.5
1.0
1.5
2.0
2.5
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0
0.5
1.0
1.5
2.0
2.5
(a)
S
p
ec
if
ic
 A
m
m
o
n
ia
 O
x
id
at
io
n
 R
at
e 
(m
g
 N
/h
r/
g
 V
S
S
)
DO Concentration (mg O
2
/L)
(d)
 
 
N
2
O
 E
m
is
si
o
n
 F
ac
to
r 
(%
)
DO Concentration (mg O
2
/L)
 
 
S
p
ec
if
ic
 N
2
O
 P
ro
d
u
ct
io
n
 R
at
e 
(m
g
 N
/h
r/
g
 V
S
S
)
Specific Ammonia Oxidation Rate (mg N/hr/g VSS)
(c)
(b)
S
p
ec
if
ic
 N
2
O
 P
ro
d
u
ct
io
n
 R
at
e
(m
g
 N
/h
r/
g
 V
S
S
)
DO Concentration (mg O
2
/L)
 
Figure 2. Relationships between (a) AOR and DO, (b) N2OR and DO, (c) N2OR and 
AOR and (d) the N2O emission factor and DO detected in batch tests (error bars in all 
plots are standard deviation, n=3). 
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Figure 3. The experimentally observed and model predicted correlations between 
N2OR and DO.  
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Figure 4. δ15Nbulk and SP of N2O produced during batch tests under varying DO 
levels (error bars in all plots are standard deviation, n=3). 
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Figure 5. The site estimated relative contributions of the two pathways for N2O 
production under varying DO concentrations 
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Table S1. N2O production model involving both the NH2OH oxidation and the AOB denitrification pathways 
Variable 
Process 
SO2 SNH3 SNH2OH SNO2 SNO SN2O SMox SMred Kinetic rate expressions 
mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L  
1-R1 -1 -1 1    1 -1  
2-R2   -1  1  -3/2 3/2  
3-R3    1 -1  -1/2 1/2  
4-R4     -1 1/2 1/2 -1/2  
5-R5 -1/2      1 -1  
AOB
MredMred
Mred
NHNH
NH
ONHO
O
oxNH X
SK
S
SK
S
SK
S
r
 1,33
3
23,2
2
,3
AOB
MoxMox
Mox
OHNHOHNH
OHNH
oxOHNH X
SK
S
SK
S
r
 22
2
,2
AOB
MoxMox
Mox
NOoxNO
NO
oxNO X
SK
S
SK
S
r
,
,
AOB
MredMred
Mred
NOredNO
NO
redNO X
SK
S
SK
S
r
 2,,
,
AOB
MredMred
Mred
OredO
O
redO X
SK
S
SK
S
r
 3,2,2
2
,2
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6-R6    -1  1/2 1 -1  
7          
AOB
MredMred
Mred
NONO
NO
redNO X
SK
S
SK
S
r
 4,22
2
,2
totMoxMred CSS 
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Table S2. Kinetic and stoichiometric parameters of the N2O model 
Parameter Definition Values Unit Source 
 Maximum ammonia oxidation rate  17.70 mmol/(g VSS*h) Estimated 
 Maximum NH2OH oxidation rate 22.86 mmol/(g VSS*h) Ni et al. (2014) 
 Maximum NO oxidation rate 22.86 mmol/(g VSS*h) Ni et al. (2014) 
 Maximum oxygen reduction rate 38.5 mmol/(g VSS*h) Estimated 
 Maximum nitrite reduction rate 3.92 mmol/(g VSS*h) Estimated 
 Maximum NO reduction rate 1.2×10-2 mmol/(g VSS*h) Estimated 
 Oxygen affinity constant for ammonia oxidation 4.7×10-2 mmol O2/L Estimated 
 Ammonia affinity constant for ammonia oxidation 1.7×10-1 mmol N/L Ni et al. (2014) 
 NH2OH affinity constant for NH2OH oxidation 5×10
-2 mmol N/L Ni et al. (2014) 
 NO affinity constant for NO oxidation 6×10-4 mmol N/L Ni et al. (2014) 
 Oxygen affinity constant for oxygen reduction 1.9×10-3 mmol O2/L Ni et al. (2014) 
 Nitrite affinity constant for nitrite reduction 1×10-2 mmol N/L Ni et al. (2014) 
 NO affinity constant for NO reduction 6×10-4 mmol N/L Ni et al. (2014) 
 SMox affinity constant for NH2OH and NO oxidation 1×10
-2×Ctot mmol/g VSS Ni et al. (2014) 
 SMred affinity constant for ammonia oxidation 1×10
-3×Ctot mmol/g VSS Ni et al. (2014) 
 SMred affinity constant for NO reduction  1×10
-3×Ctot mmol/g VSS Ni et al. (2014) 
oxNHr ,3
oxOHNHr ,2
oxNOr ,
redOr ,2
redNOr ,2
redNOr ,
3,2 NHOK
3NHK
OHNHK 2
oxNOK ,
redOK ,2
2NOK
redNOK ,
MoxK
1,MredK
2,MredK
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 SMred affinity constant for oxygen reduction  6.9×10
-2 mmol/g VSS Ni et al. (2014) 
 SMred affinity constant for nitrite reduction 1.9×10
-1 mmol/g VSS Ni et al. (2014) 
 The sum of SMred and SMox, which is a constant 1×10
-2 mmol/g VSS Ni et al. (2014) 
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Figure S1. The average gaseous N2O (—), NO2- () and NH4+ () profiles in each set of batch test 
with NO3
- concentrations of approximate 1000 mg N/L and at varying DO concentrations (—) of 
(a) 0 mg O2/L, (b) 0.2 mg O2/L, (c) 0.5 mg O2/L, (d) 1.0 mg O2/L, (e) 1.5 mg O2/L, (f) 2.0 mg O2/L, 
(g) 2.5 mg O2/L, and (h) 3.0 mg O2/L (error bars in all plots are standard deviation, n=3). 
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Figure S2. N2O (in liquid phase) and DO concentrations of three N2O consumption tests. 
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with DO at 0.5 mg O2/L and pH at 7.5. 
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Figure S4. 95% confidence regions for the parameter combinations among the key model 
parameters for the N2O production processes by AOB with the best fits in the center, as well as their 
standard errors: (a) KO2,NH3 vs. rNH3,OX; (b) rNO2,red vs. rNO,red; (c) rNO2,red vs. rO2,red ; (d) rNO,red 
vs. rO2,red. 
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Figure S5. The correlations between the contribution of AOB denitrification and NO2
- 
concentration. 
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Appendix B 
The combined effect of dissolved oxygen and nitrite on N2O production by ammonia oxidizing 
bacteria in an enriched nitrifying sludge 
 
Lai Penga, Bing-Jie Nia, Liu Yea,b, Zhiguo Yuana* 
 
aAdvanced Water Management Centre, The University of Queensland, St. Lucia, Brisbane, QLD 
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Abstract 
Both nitrite (NO2
-) and dissolved oxygen (DO) play important roles in nitrous oxide (N2O) 
production by ammonia oxidizing bacteria (AOB). However, few studies focused on the combined 
effect of them on N2O production by AOB as well as the corresponding mechanisms. In this study, 
N2O production by an enriched nitrifying sludge, consisting of both AOB and nitrite-oxidizing 
bacteria (NOB), was investigated under various NO2
- and DO concentrations. At each investigated 
DO level, both the biomass specific N2O production rate and the N2O emission factor (the ratio 
between N2O nitrogen emitted and the ammonium nitrogen converted) increased as NO2
- 
concentration increased from 3 mg N/L to 50 mg N/L. However, at each investigated NO2
- level, 
the maximum biomass specific N2O production rate occurred at DO of 0.85 mg O2/L, while the 
N2O emission factor decreased as DO increased from 0.35 to 3.5 mg O2/L. The analysis of the 
process data using a mathematical N2O model incorporating both the AOB denitrification and 
hydroxylamine (NH2OH) oxidation pathways indicated that the contribution of AOB denitrification 
  103 
pathway increased as NO2
- concentration increased, but decreased as DO concentration increased, 
accompanied by a corresponding change in the contribution of NH2OH oxidation pathway to N2O 
production. The AOB denitrification pathway was predominant in most cases, with the NH2OH 
oxidation pathway making a comparable contribution only at high DO level (e.g. 3.5 mg O2/L).  
 
Keywords: Dissolved oxygen; Nitrite; Nitrous oxide; Ammonia oxidizing bacteria; Model; 
Pathway 
 
1. Introduction 
Nitrous oxide (N2O), a potent greenhouse gas and a major sink for stratospheric ozone, can be 
produced and emitted from wastewater treatment plants (IPCC, 2007; Ravishankara et al., 2009). 
Ammonia oxidizing bacteria (AOB) are identified as the major contributor to N2O production 
during wastewater treatment (Kampschreur et al., 2007; Yu et al., 2010; Law et al., 2012b). N2O 
production by AOB occurs during nitrification via two different pathways: (i) the reduction of 
nitrite (NO2
-) to N2O via nitric oxide (NO), known as nitrifier or AOB denitrification (Kim et al., 
2010; Chandran et al., 2011) and (ii) N2O as a side product during incomplete oxidation of 
hydroxylamine (NH2OH) to NO2
- (Chandran et al., 2011; Stein, 2011; Law et al., 2012a). The AOB 
denitrification pathway is catalyzed by a copper-containing NO2
- reductase (NirK) and a haem-
copper NO reductase (Nor) (Chandran et al., 2011). The NH2OH oxidation pathway involves 
nitrosyl radical (NOH) or NO as the intermediates during the oxidation of NH2OH to NO2
-. NOH 
can decompose chemically to form N2O (Anderson, 1964; Hooper, 1968), while the produced NO is 
further reduced to N2O by alternative NO reductases, c'-beta or other homologue NO reductases 
such as NorS (Stein et al., 2007; Chandran et al., 2011). 
 
NO2
- is a very important factor affecting N2O production in nitrification. Varying observations have 
been reported in literature on the effect of NO2
- on N2O production by different nitrifying cultures. 
It has been demonstrated that the presence of NO2
- leads to a significant increase of N2O production 
in both full-scale and lab-scale studies (Tallec et al., 2006; Kampschreur et al., 2007; Kampschreur 
et al., 2008; Kim et al., 2010; Wunderlin et al., 2012). It is proposed that N2O production by AOB 
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denitrification is dependent on the concentration of NO2
- (Tallec et al., 2006; Kampschreur et al., 
2007; Kim et al., 2010; Wunderlin et al., 2012). High NO2
- concentration has been shown to have a 
stimulating effect on AOB denitrification by promoting the expression of the nirK gene (Beaumont 
et al., 2004). It is also found that the nirK and norB mRNA concentrations increase rapidly in the 
presence of high NO2
- concentration (280 mg N/L) in an N.europaea batch culture (Yu and 
Chandran, 2010). However, Law et al. (2013) observed an inhibitory effect of high NO2
- 
concentration (over 50 mg N/L) on N2O production by AOB in a nitritation system treating 
anaerobic sludge digestion liquor. Further data analysis by a mathematical model revealed that the 
NH2OH oxidation pathway became the primary pathway when the NO2
- concentration exceeded 
500 mg N/L (Ni et al., 2014). 
 
The AOB denitrification is also promoted by oxygen limitation, as revealed by both pure and 
enriched AOB culture studies (Bock et al., 1995; Kampschreur et al., 2007). Recently, Peng et al. 
(2014) demonstrated that the increase of dissolved oxygen (DO) from 0.2 to 3.0 mg O2/L decreased 
the contribution of AOB denitrification from over 90% to approximately 70% in a nitrifying culture 
with the aid of site preference measurement and model-based data analysis. In comparison, N2O 
production via the NH2OH pathway mainly takes place under aerobic conditions and is likely 
favoured by high DO concentrations (Chandran et al., 2011; Law et al., 2012a). Wunderlin et al. 
(2012) also showed that N2O production via the NH2OH pathway was favoured at high NH3 and 
low NO2
- concentrations, and in combination with a high metabolic activity of AOB. 
 
However, some of previous studies were one-dimensional studies with one factor being varied and 
the other fixed. For example, Peng et al (2014) varied DO levels in the range of 0.2 – 3.0 mg O2/L, 
while keeping nitrite at very low levels (below 1.5 mg N/L). In contrast, Law et al. (2013) varied 
nitrite concentration in the range of 0 – 1000 mg N/L, while DO was fixed to 0.55 mg O2/L in most 
experiments. The dependency of N2O production by AOB in a two-dimensional (DO and nitrite) 
space may not be readily predicable from the one-dimensional studies. One of the key reasons is 
that DO influences the ammonia and NH2OH oxidations rates, which is expected to not only exert a 
direct effect on N2O production through the NH2OH oxidation pathway, but also influences the 
nitrite reduction by AOB (and thus N2O production by the AOB denitrification pathway) through 
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impacting the electron flows.  
 
Whilst in other studies both DO and nitrite concentrations varied simultaneously, they were not 
changed independently in most cases (Bock et al., 1995; Beaumont et al., 2004; Kampschreur et al., 
2007; Yu and Chandran, 2010). In fact, the changes in nitrite concentration were induced by DO 
changes. As AOB oxidize ammonia to nitrite during nitrification, nitrite could accumulate and the 
level of accumulation would be dependent on the DO concentration. These conditions would 
therefore only represent some very limited ‘snapshots’ in the two-dimensional space of DO and 
nitrite, and therefore the results cannot be easily extrapolated to the entire two-dimensional space. 
In fact, it is hard to separate the effects of DO and nitrite in these cases, as the two factors were not 
independently varied.  
 
In some other studies (e.g., Tallec et al. (2006), Yang et al. (2009), Kim et al. (2010) and Wunderlin 
et al. 2012), activated sludge comprising a large amount of heterotrophic biomass in addition to 
AOB and NOB was used. It is known that heterotrophic bacteria are able to produce and consume 
N2O, which would not allow separation of the true effects of DO and nitrite on N2O production by 
AOB.  
 
Therefore, the aim of this study is to fully clarify the combined effect of DO and NO2
- on N2O 
production by AOB using an enriched nitrifying culture consisting of primarily AOB and nitrite-
oxidizing bacteria (NOB). The effect of a relatively small amount of heterotrophic bacteria 
(growing on AOB and NOB cell lysate) on N2O production has been identified to be negligible in a 
previous study (Peng et al., 2014). To reveal the combined effect of DO and NO2
- on each of the 
two known pathways and provide further evidence of the relative contributions by both pathways, a 
N2O model incorporating both pathways was employed to interpret the experimental data (Ni et al., 
2014). 
 
2. Materials and methods 
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2.1 Culture enrichment and reactor operation  
A lab-scale sequencing batch reactors (SBRs) with a working volume of 8 L was operated in the 
laboratory at room temperature (22.0 – 23.0 ºC) seeded with sludge from a domestic wastewater 
treatment plant in Brisbane, Australia. The SBR was fed with ammonium with the aim to obtain an 
enriched culture of AOB and NOB. One cycle of 6 hr consisted of 260 min aerobic feeding, 20 min 
further aerating, 1 min wasting, 60 min settling and 19 min decanting periods. In each cycle, 2 L of 
synthetic wastewater (compositions are described below) was fed to the reactor, resulting in a 
hydraulic retention time (HRT) of 24 hr. The solids retention time (SRT) was kept at 15 days by 
wasting 130 mL of sludge during the 1-min wasting period. pH in the reactor was measured with 
miniCHEM-pH meters and controlled at 7.5 by dosing 1 M NaHCO3. Compressed air was supplied 
to the reactor during the feeding and aerobic phases. DO in the reactor was continuously monitored 
online using miniCHEM-DO2 meters and controlled between 2.5 and 3.0 mg O2/L with a 
programmed logic controller (PLC).  
 
The synthetic wastewater for the nitrifying reactor comprised per liter (adapted from Kuai and 
Verstraete, (1998)): 5.63 g/L of NH4HCO3 (1 g/L NH4-N), 5.99 g/L of NaHCO3, 0.064 g/L of each 
of KH2PO4 and K2HPO4 and 2 mL of a trace element stock solution. The trace element stock 
solution contained: 1.25 g/L EDTA, 0.55 g/L ZnSO4·7H2O, 0.40 g/L CoCl2·6H2O, 1.275 g/L 
MnCl2·4H2O, 0.40 g/L CuSO4·5H2O, 0.05 g/L Na2MoO4·2H2O, 1.375 g/L CaCl2·2H2O, 1.25 g/L 
FeCl3·6H2O and 44.4 g/L MgSO4·7H2O.  
 
At the time the batch tests described in the next section were conducted, the nitrifying culture was 
in steady state for more than 5 months, with 100% conversion of NH4
+ to NO3
-. The mixed liquor 
volatile suspended solids (MLVSS) concentration was stable at 1480 ± 28 (n=8) mg/L. 
Characterization of the biomass compositions using fluorescence in situ hybridization (FISH) 
indicated that 46 ± 6% of the bacterial populations were ammonia-oxidizing beta-proteobacteria 
and 38 ± 5% of the bacterial populations belong to the Nitrospira genera (nitrite oxidizers). Details 
of the microbial analysis methods and results can be found in Peng et al. (2014). 
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2.2 Batch tests  
Batch tests were carried out under DO concentrations of 0.35, 0.85, 1.5, 2.5 and 3.5 mg O2/L. For 
each DO level, 0, 0.5, 1, 2, 3, and 5 mL of NaNO2 stock solution (49.3 g/L) was added into the 
batch reactor resulting in an initial NO2
- concentration of 0, 5.0, 10.0, 20.0, 30.0 and 50.0 mg N/L, 
respectively. All tests were performed in triplicate. For each test, 0.15 L mixed liquor was 
withdrawn from the AOB + NOB culture and diluted to 1 L with decant from the parent reactor 
before being used for the experiments. All batch tests were carried out at room temperature (22.0 – 
23.0 ºC) in a 1.3 L reactor with a sealable lid. pH and DO in all experiments were continuously 
monitored online using a miniCHEM-pH sensor and a miniCHEM-DO2 sensor, respectively. pH 
was controlled at 7.5 using a PLC by dosing 1 M NaHCO3 or 1 M HCl. DO concentration was 
manually controlled at designed levels by a gas mixture of N2 and air. The N2 flow and air flow 
were adjusted using two mass flow controllers (Smart- Trak 50 series- 1 L/min and 5 L/min, Sierra). 
The total gas flow rate was controlled constantly at 0.5 L/min. For each change in altering DO 
concentration, the change in the air flow rate was compensated for by an equivalent opposite change 
in the N2 flow rate.  
 
Each test consisted of two phases, namely a control phase and an experimental phase. In the control 
phase lasting for 20 min, no NH4
+ was added and N2O production could therefore be attributed to 
heterotrophic activity. In the following experimental phase, which lasted for 60 min, the NH4
+ 
concentrations in all tests were controlled at around 20 mg N/L through manually adding a stock 
solution of 33.8 g/L NH4HCO3 and 36 g/L NaHCO3 with amounts determined using the method 
described in Peng et al.20 During each test, mixed liquor samples were taken every 20 min for NH4
+, 
NO2
- and NO3
- analyses using a syringe and immediately filtered through disposable Milipore filters 
(0.22 mm pore size). A 50 mL mixed liquor sample was taken from the batch reactor at the end of 
each test to determine the mixed liquor suspended solids (MLSS) concentration and its volatile 
fraction (MLVSS). In order to evaluate the N2O consumption by heterotrophic bacteria, N2O 
consumption tests were also conducted at different DO levels (details refer to Peng et al. (2014)).  
 
2.3 On-line N2O monitoring and off-line chemical analysis  
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N2O concentration in gas phase of the batch reactor was measured with a URAS 26 infrared 
photometer (Advance Optima Continuous Gas Analyser AO2020 series, ABB), with a measuring 
range of 0 – 100 ppmv and a detection limit of 1.0 ppmv. Data were logged every 30 sec. To 
prevent moisture from entering the analyser, a moisture filter was installed at the gas inlet of the 
analyser. A t-shaped tubing joint was fitted on to the gas sampling tube connecting the gas outlet of 
the reactor and the gas analyser. This allowed the excess gas flow from aeration to escape from the 
system, maintaining atmospheric pressure in the reactor. The sampling pump of the analyser was 
adjusted to be lower than the total gas flow rate in the reactor at all times. The N2O analyser was 
calibrated periodically (every 6 months) as per manufacturer’s instruction and no signal drift was 
detected.  
 
The NH4
+, NO3
- and NO2
- concentrations were analysed using a Lachat QuikChem8000 Flow 
Injection Analyser (Lachat Instrument, Milwaukee). The MLSS concentration and its volatile 
fraction (MLVSS) were analysed in triplicate according to the standard methods (APHA, 1998). 
 
2.4 Calculations  
Biomass specific ammonia oxidation rate (AORsp), biomass specific N2O production rate (N2ORsp) 
and the ratio between N2O nitrogen emitted and the ammonium nitrogen converted (N2O emission 
factor) were determined for each batch test. The converted NH4
+ was calculated based on the 
periodical addition of NH4
+ and the measured NH4
+ concentration profiles. N2OR was calculated by 
multiplying the measured gas phase N2O concentration and the known gas flow rate. The average 
N2OR over each testing period (with constant conditions applied) was calculated by averaging the 
measured N2OR over the period (relatively constant in all cases). N2ORsp (mg N2O-N/hr/g VSS) 
and AORsp (mg NH4
+-N/hr/g VSS) were calculated by normalising the N2OR and AOR data with 
the MLVSS concentration. The N2O emission factor was calculated based on the ratio between the 
total N2O emitted (mg N2O-N) and the total NH4
+ converted (mg NH4
+-N) during each batch test. In 
all the plotted graphs, error bars show the standard deviation calculated from triplicate tests. 
 
2.5 Mathematical modeling of N2O production  
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A previously proposed N2O model incorporating both the NH2OH oxidation and AOB 
denitrification pathways by AOB was employed to interpret experimental data. The key feature of 
the model is that the model links oxidation and reduction processes through a pool of electron 
carriers (Ni et al., 2014). The stoichiometry and kinetics of the two-pathway N2O model, as well as 
the model component definition and parameter values used, are summarized in Table S1 and S2 
(Supporting Information). The model parameters of maximum ammonia oxidation rate (𝑟𝑁𝐻3,𝑜𝑥) 
and oxygen affinity constant for ammonia oxidation ( 𝐾𝑂2,𝑁𝐻3 ) were estimated based on 
experimental data of AOR from batch tests. The nitrite affinity constant for nitrite reduction (𝐾𝑁𝑂2), 
SMred affinity constant for nitrite reduction (𝐾𝑀𝑟𝑒𝑑,4), and SMox affinity constant for NH2OH and NO 
oxidation (𝐾𝑀𝑜𝑥) , which are the key parameters governing the N2O production via the two 
pathways under different NO2
- and DO conditions (Ni et al., 2014), were estimated by using the 
experimental data of N2OR from all the batch tests. All other parameters were adapted from 
literature (Table S2).  
 
Parameter estimation and parameter uncertainty evaluation were done according to Batstone et al. 
(2003). The standard errors and 95% confidence intervals of individual parameter estimates were 
calculated from the mean square fitting errors and the sensitivity of the model to the parameters. 
The determined F-values were used for parameter combinations and degrees of freedom in all cases. 
A modified version of AQUASIM 2.1d was used to determine the parameter surfaces (Ge et al., 
2010). 
 
3. Results 
3.1 The N2O production under different DO and NO2- concentrations.  
As an example, the gaseous N2O profiles along with the NH4
+, NO2
- and NO3
- profiles in a batch 
test with DO of 1.5 mg O2/L and the initial NO2
- concentration of 10.0 mg N/L is presented in 
Figure 1. Similar trends were observed for all these variables in all other tests. The first 20 min of 
the batch test was a control phase without NH4
+ or NO2
- addition. No gaseous N2O was detected in 
this period, indicating no N2O production from heterotrophic denitrification. After the addition of 
NH4
+ and NO2
-, the gaseous N2O concentrations increased rapidly and reached steady state within 
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20 min. Due to periodic addition of NH4
+, the NH4
+ concentration was relatively constant at 19.7 ± 
0.6 mg N/L during the entire test. The NO2
- concentration was at 9.9 ± 0.6 mg N/L (in this 
particular test), while the NO3
- concentration was around 1000 mg N/L, a level that was also 
observed in the parent reactor. The N2ORsp in the pseudo steady state was determined as 3.6 mg 
N/hr/g VSS, while the AORsp was determined as 50.7 mg N/hr/g VSS from the NH4
+ profile and the 
amounts added. The N2O emission factor was calculated to be 5.4%.   
 
Figure 2a and 2b shows the relationships of N2ORsp vs. NO2
-, N2ORsp vs. DO, N2O emission factor 
vs. NO2
-, and N2O emission factor vs. DO. In Figure 2a, with the increase of NO2
- concentration 
from ~3 to ~50 mg N/L at each DO level, N2ORsp increased, however, its increasing rate decreased. 
It should be noted that the lowest NO2
- accumulation in the batch test without NO2
- addition was 
approximately 3 mg N/L due to the unbalanced microbial activity between AOB and NOB in the 
enriched culture. At each NO2
- level, the highest N2ORsp occurred at the DO concentration of 0.85 
mg O2/L. With further decrease or increase in DO concentration, lower N2ORsp was observed. The 
highest N2ORsp (5.2 ± 0.3 mg N/hr/g VSS, n = 3) was obtained at the DO level of 0.85 mg O2/L and 
the highest NO2
- level of ~50 mg N/L, while the lowest N2ORsp (1.4 ± 0.2 mg N/hr/g VSS, n = 3) 
was observed at the highest DO (3.5 mg O2/L) and lowest NO2
- levels (~3.0 mg N/L). In general, 
the increasing rate of N2ORsp upon increasing NO2
- at high DO levels (2.5 and 3.5 mg O2/L) was 
lower than that at lower DO levels (0.35, 0.85 and 1.5 mg O2/L). The N2O emission factor increased 
with increasing NO2
- concentration at each DO level in a similar pattern with N2ORsp against NO2
- 
(Figure 2b). At each NO2
- level, the highest N2O emission factor occurred at the lowest non-zero 
DO concentration used in this study (0.35 mg O2/L) and it dropped rapidly when DO increased to 
0.85 mg O2/L. Further increase of DO decreased the N2O emission factor, albeit at a lower rate. The 
maximum N2O emission factor (21.1% ± 1.3%, n =3) was achieved at the lowest DO level of 0.35 
mg O2/L and an NO2
- level of ~30 mg NO2
--N /L, while the minimum N2O emission factor (1.3% ± 
0.2%, n=3) was observed at the highest DO level (3.5 mg O2/L) and the lowest NO2
- level (~3 mg 
NO2
--N/L). 
 
3.2 Model-based analysis of the batch test data to estimate the contributing pathways.  
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The calibration of the N2O model involved optimizing key parameter values for the N2O production 
via the two pathways by fitting simulation results to the experimental data from batch tests under 
various DO and NO2
- conditions. In the two-step calibration procedure, the calibrated values of 
AOR-related parameters (𝑟𝑁𝐻3,𝑜𝑥 and 𝐾𝑂2,𝑁𝐻3) are comparable with those reported in (Peng et al., 
2014) The calibrated values of N2OR-related parameters ( 𝐾𝑁𝑂2 , 𝐾𝑀𝑟𝑒𝑑,4  and 𝐾𝑀𝑜𝑥 ) are in 
reasonable range in comparison to the literature. The 95% confidence regions for all the parameter 
pairs were bounded by small ellipsoids having mean values for the parameter estimates 
approximately at the center, indicating good identifiability of these five estimated parameters 
(Figure S1).  
 
Figure 3 shows the evaluation results of the mathematical model against data acquired in the batch 
tests at varying DO and NO2
- concentrations. The model-predicted N2ORsp can match the measured 
N2ORsp at all conditions. The simulated N2ORsp consists of N2ORsp via the AOB denitrification 
pathway and N2ORsp via the NH2OH oxidation pathway. At each DO level the model-predicted 
N2ORsp from the AOB denitrification pathway increased as NO2
- increased from ~3 to ~50 mg N/L, 
while the model-predicted N2ORsp from the NH2OH oxidation pathway remained almost constant in 
the entire NO2
- concentration range studied. The model-predicted N2ORsp from the AOB 
denitrification pathway at the DO level of 0.85 mg O2/L was generally higher than those at other 
DO levels, while with the increase of DO from 0.35 to 3.5 mg O2/L, the model-predicted N2ORsp 
from the NH2OH oxidation pathway increased from approximately 0.4 to 0.9 mg N/hr/g VSS. 
 
Figure 4 summarizes the model-predicted relative contributions of the AOB denitrification and the 
NH2OH oxidation pathways to N2O production by AOB at different DO and NO2
- conditions. At 
each DO level, the relative contribution of the AOB denitrification pathway increased as NO2
- 
increased from 3 to 10 mg N/L and then remained almost constant in the NO2
- range from 10 to 50 
mg N/L, accompanied by a corresponding decrease or constancy in the contribution by the NH2OH 
oxidation pathway. At each NO2
- level, the contribution of AOB denitrification pathway decreased 
as DO increased from 0.35 to 3.5 mg O2/L, while the contribution of NH2OH oxidation pathway 
increased upon increasing DO. In general, the AOB denitrification pathway was dominant over the 
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NH2OH oxidation pathway (over 50%) in most cases, except in the cases with the DO concentration 
being 3.5 mg O2/L and the NO2
- concentration below 10 mg N/L. 
 
4. Discussion 
Previous studies investigated the effects of DO and nitrite on N2O production by AOB either 
separately (Law et al., 2013; Peng et al., 2014), or with the nitrite concentration varying as a 
function of DO applied (Bock et al., 1995; Beaumont et al., 2004; Kampschreur et al., 2007; Yu and 
Chandran, 2010). Also, the results of some of these studies could have been heavily influenced by 
the presence of heterotrophic bacteria (Tallec et al., 2006; Yang et al., 2009; Kim et al., 2010; 
Wunderlin et al., 2012), which could produce or consume N2O depending on DO levels. In this 
study, an enriched AOB + NOB culture was used to minimize the interference from heterotrophic 
bacteria. We also systematically varied the NO2
- concentrations at different DO levels, which were 
then kept roughly constant in each 1-h batch test. Six sets of tests with average NO2
- concentrations 
from ~3 to ~50 mg N/L at each of the five DO levels (0.35 – 3.5 mg O2/L) were conducted so that 
the quantitative relationship between the N2O production and NO2
- concentration at different DO 
levels was systematically investigated for the first time, and a mathematical model was applied to 
interpret the experimental results to shed light on the mechanisms involved. 
 
Law et al. (2013) investigated the effect of NO2
- concentrations on N2O production by AOB in a 
nitritation system treating anaerobic sludge digestion liquor. While DO was varied in some 
experiments, most of the experiments were done at a constant DO concentration of 0.55 mg O2/L. It 
was clearly found that, at concentrations above 50 mg N/L, nitrite inhibits N2O production by AOB. 
At nitrite levels over 500 mg N/L, the AOB denitrification pathway was completely suppressed 
leaving the NH2OH oxidation pathway the sole functional pathway (Ni et al., 2014). While nitrite at 
levels below 50 mg N/L was found to stimulate N2O production at a DO level of 0.55 mg O2/L, its 
effect at other DO levels were unclear. Indeed, the effect of lower levels of NO2
- (below 50 mg N/L) 
on N2O production by AOB has not been elucidated to date in general, although these conditions 
are found in a much broader range of wastewater treatment systems, including a conventional 
biological nitrogen removal activated sludge process and the emerging partial nitritaiton and 
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anammox process. The results of this work revealed that as NO2
- concentration increased from ~3 to 
~50 mg N/L at each DO level, both N2OR and N2O emission factor increased, while their increasing 
rate declined with increased NO2
- levels (Figure 2a and 2b). The stimulating effect of NO2
- on 
N2OR and N2O emission factor is consistent with some previous observations (Tallec et al., 2006; 
Kampschreur et al., 2007; Kampschreur et al., 2008; Kim et al., 2010; Wunderlin et al., 2012; Law 
et al., 2013). In comparison to these previous studies, the detailed relationships between N2OR and 
NO2
-, as well as between the N2O emission factor and NO2
- are established for the first time in a 
broad DO range of 0.35 – 3.5 mg/L. With the aid of mathematical modelling, nitrite has been shown 
to promote N2O production via the AOB denitrification pathway, and has a negligible effect on the 
NH2OH oxidation pathway (Figures 3 & 4). 
 
In a previous study of Peng et al. (2014) the impact of DO on N2O production was investigated 
under conditions with very low NO2
- accumulation (<1.5 mg N/L), which was achieved by 
augmenting the NO2
- oxidation rate through the addition of an enriched NOB sludge. In comparison, 
this study focused on the effect of various levels of NO2
- accumulations (~3 to ~50 mg N/L) on N2O 
production by AOB at a range of DO levels (0.35 – 3.5 mg O2/L). Consequently, the findings cover 
a much broader range of scenarios considering that NO2
- accumulation commonly occurs in full-
scale nitrification processes, particularly in nitritation systems prior to the mainstream anammox 
systems (van Dongen et al., 2001). As shown in Figure 2a, N2OR peaked at DO of 0.85 mg O2/L. 
Some studies using full-scale activated sludge showed a similar trend (Tallec et al., 2006; Yang et 
al., 2009); however the roles of heterotrophic denitrifiers in their systems were not clear. This 
observation together with previous findings by Peng et al. (2014) indicated that the relationship 
between DO and N2O production could be altered by the significant presence of NO2
-. The 
explanation for this difference is that the very low NO2
- condition in the study of Peng et al. (2014) 
could potentially reduce the stimulating effect of NO2
- on N2O production via the AOB 
denitrification pathway. The observation that N2OR increased upon increasing DO observed by 
Peng et al. (2014) likely resulted from the increased electron supplying rate due to the fact that a 
higher DO increased the ammonia and hence NH2OH oxidation. In contrast, as demonstrated by 
model predictions in this study, the stimulating effect of NO2
- on N2O production by AOB 
denitrification played a more important role in N2O production, especially at low DO levels (0.35 - 
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1.5 mgO2/L) and low NO2
- levels (below 10 mgN/L) (Figure 3 and Figure 4). The elevated DO 
concentration (3.5 mg O2/L) decreased the activity of the AOB denitrification pathway, resulting in 
a decreasing N2OR (Figure 3). These observations are in agreement with several pure culture 
studies of AOB, which also found that oxygen inhibits the activity of AOB denitrification and NO2
- 
stimulated gene expression of nitrite reduction (Remde and Conrad, 1990; Whittaker et al., 2000; 
Beaumont et al., 2004; Yu and Chandran, 2010). 
 
Our results confirmed that DO and NO2
- had a combined effect on N2O production by AOB through 
regulating the shifts of the two production pathways of AOB at various DO and NO2
- levels. Figure 
2a showed that N2ORsp was more dependent on NO2
- concentration at relatively low DO levels 
(0.35 - 1.5 mgO2/L) than that at higher DO levels (2.5 and 3.5 mgO2/L). The contribution of AOB 
denitrification pathway to N2O production increased as NO2
- concentration increased, but decreased 
as DO concentration increased, accompanied by a corresponding change in the contribution of 
NH2OH oxidation pathway to N2O production (Figure 4). With the aid of isotopic technique, AOB 
denitrification was recognized to be the main contributor to N2O production by AOB in studies 
using an activated sludge and an enriched culture of AOB and NOB (Wunderlin et al., 2013; Peng 
et al., 2014). Our results further revealed that the AOB denitrification pathway was predominant in 
most cases, while NH2OH oxidation pathway was dominant at high DO (e.g. 3.5 mg O2/L) and low 
NO2
- (e.g. below 10 mg N/L) levels (Figure 3 and 4). Our study also showed that the roles of DO 
and NO2
- in regulating the two known N2O pathways of AOB are well captured by the current 
model that integrate the two pathways (Ni et al., 2014).  
 
In order to obtain a culture containing AOB, NOB and a minimum amount of heterotrophic bacteria 
required by our experimental design, we used a synthetic feed containing ammonium at 1 g N/L and 
no organic carbon in the cultivation of the sludge, and operated the reactor to achieve full 
conversion of ammonium to nitrate. It is recognized that these conditions do not mimic any 
particular wastewater treatment processes. However, the understanding generated on the combined 
effects of DO and nitrite on N2O production by AOB should be highly useful for the design and 
operation of wastewater treatment processes of any type. For example, according to this study, DO 
should be kept at a relatively high level (e.g. >1.5 mg O2/L) in a partial nitritation process 
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producing effluent for an anammox reactor. In such a nitritation reactor, nitrite accumulation is 
required, and a higher DO is needed to reduce N2O production by AOB (Figure 2B). In contrast, it 
is critical nitrite accumulation should be avoided/minimized in a conventional nitrogen removal 
process through nitrification and denitrification. According to this study, DO in the latter system 
should also be maintained at a relatively high level (e.g. > 1.5mg O2/L); however, this strategy 
needs to be further verified in a real wastewater treatment process, due to the possible involvement 
of heterotrophic bacteria (present in a system treating real wastewater) in N2O production and/or 
consumption, particularly under low DO conditions.   
 
5. Conclusions 
In this study, the combined effect of DO and NO2
- on the N2O production by an enriched nitrifying 
culture was investigated. The main conclusions are: 
 At all DO levels, NO2- in the studied range of ~3 to ~50 mg N/L, particularly in the range ~3 
to ~20 mg N/L, stimulates N2O production by AOB, likely by stimulating the AOB 
denitrification pathway; however NO2
- has no or negligible effects on the NH2OH oxidation 
pathway. In comparison, DO affects both pathways. At all nitrite levels, DO stimulates the 
NH2OH oxidation pathway. While DO also stimulates the AOB denitrification pathway at 
relatively low DO levels (e.g. <1.5 mg O2/L), it inhibits the N2O production pathway at 
higher levels. Combined, the highest N2O production is induced by a medium level of DO 
(e.g. around 1.0 mg O2/L) and a higher level of NO2
- (>20 mg N/L).   
 The dependency of N2O production by AOB on DO and NO2- concentrations is well 
captured by the current N2O model that integrates both the AOB denitrification and the 
NH2OH oxidation pathways. . 
 Both DO and NO2- also affect the N2O emission factors, with emission factors increasing 
with decreased DO and increased NO2
- concentrations.  
 AOB denitrification pathway is the dominant N2O production pathway in a broad range of 
DO and nitrite conditions, while NH2OH oxidation pathway could be dominant only at high 
DO (e.g. 3.5 mg O2/L) along with low NO2
- (e.g. <10 mg N/L) levels. 
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Figure legends 
 
Figure 1. Levels of gas phase N2O (—), liquid phase NH4+ (), NO2- () and NO3- () in a batch 
test with DO at 1.5 mg O2/L, pH at 7.5 and a pulse feed of NO2
- at 10.0 mg N/L at 20 
min. NH4
+ was added in four pulses to maintain a relatively constant NH4
+ concentration. 
 
Figure 2. The biomass specific N2O production rates and N2O emission factors under various DO 
and NO2
- concentrations. 
 
Figure 3. Model evaluation results of N2O production rate data from batch tests (real data, ; 
model-predicted N2OR, ; model-predicted N2OR via AOB denitrification pathway, ; 
model-predicted N2OR via NH2OH oxidation pathway, ).  
 
Figure 4. Model-predicted relative contributions of each pathway to N2O production under various 
DO and NO2
- concentrations. 
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Figure 1. Levels of gas phase N2O (—), liquid phase NH4+ (), NO2- () and NO3- 
() in a batch test with DO at 1.5 mg O2/L, pH at 7.5 and a pulse feed of NO2- at 10.0 
mg N/L at 20 min. NH4
+ was added in four pulses to maintain a relatively constant 
NH4
+ concentration. 
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Figure 2. The biomass specific N2O production rates and N2O emission factors under 
various DO and NO2
- concentrations.  
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Figure 3. Model evaluation results of N2O production rate data from batch tests (real 
data, ; model-predicted N2OR, ; model-predicted N2OR via AOB denitrification 
pathway, ; model-predicted N2OR via NH2OH oxidation pathway, ).  
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Figure 4. Model-predicted relative contributions of each pathway to N2O production 
under various DO and NO2
- concentrations. 
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Table S1. N2O production model involving both the NH2OH oxidation and the AOB denitrification pathways 
Variable 
Process 
SO2 SNH3 SNH2OH SNO2 SNO SN2O SMox SMred Kinetic rate expressions 
mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L  
1-R1 -1 -1 1    1 -1  
2-R2   -1  1  -3/2 3/2  
3-R3    1 -1  -1/2 1/2  
4-R4     -1 1/2 1/2 -1/2  
5-R5 -1/2      1 -1  
AOB
MredMred
Mred
NHNH
NH
ONHO
O
oxNH X
SK
S
SK
S
SK
S
r
 1,33
3
23,2
2
,3
AOB
MoxMox
Mox
OHNHOHNH
OHNH
oxOHNH X
SK
S
SK
S
r
 22
2
,2
AOB
MoxMox
Mox
NOoxNO
NO
oxNO X
SK
S
SK
S
r
,
,
AOB
MredMred
Mred
NOredNO
NO
redNO X
SK
S
SK
S
r
 2,,
,
AOB
MredMred
Mred
OredO
O
redO X
SK
S
SK
S
r
 3,2,2
2
,2
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6-R6    -1  1/2 1 -1  
7          
AOB
MredMred
Mred
NONO
NO
redNO X
SK
S
SK
S
r
 4,22
2
,2
totMoxMred CSS 
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Table S2. Kinetic and stoichiometric parameters of the N2O model 
Parameter Definition Values Unit Source 
 Maximum ammonia oxidation rate  19.17 mmol/(g-VSS*h) Estimated 
 Maximum NH2OH oxidation rate 22.86 mmol/(g-VSS*h) Ni et al. (2014) 
 Maximum NO oxidation rate 22.86 mmol/(g-VSS*h) Ni et al. (2014) 
 Maximum oxygen reduction rate 48.02 mmol/(g-VSS*h) Ni et al. (2014) 
 Maximum nitrite reduction rate 3.06 mmol/(g-VSS*h) Ni et al. (2014) 
 Maximum NO reduction rate 1.6×10-2 mmol/(g-VSS*h) Ni et al. (2014) 
 Oxygen affinity constant for ammonia oxidation 6.6.×10-2 mmol-O2/L Estimated 
 Ammonia affinity constant for ammonia oxidation 1.7×10-1 mmol-N/L Ni et al. (2014) 
 NH2OH affinity constant for NH2OH oxidation 5×10
-2 mmol-N/L Ni et al. (2014) 
 NO affinity constant for NO oxidation 6×10-4 mmol-N/L Ni et al. (2014) 
 Oxygen affinity constant for oxygen reduction 1.9×10-3 mmol-O2/L Ni et al. (2014) 
 Nitrite affinity constant for nitrite reduction 2×10-1 mmol-N/L Estimated 
 NO affinity constant for NO reduction 6×10-4 mmol-N/L Ni et al. (2014) 
 SMox affinity constant for NH2OH and NO oxidation 2.8×10
-2
 mmol/g-VSS Estimated 
 SMred affinity constant for ammonia oxidation 1×10
-3×Ctot mmol/g-VSS Ni et al. (2014) 
 SMred affinity constant for NO reduction  1×10
-3×Ctot mmol/g-VSS Ni et al. (2014) 
oxNHr ,3
oxOHNHr ,2
oxNOr ,
redOr ,2
redNOr ,2
redNOr ,
3,2 NHOK
3NHK
OHNHK 2
oxNOK ,
redOK ,2
2NOK
redNOK ,
MoxK
1,MredK
2,MredK
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 SMred affinity constant for oxygen reduction  6.9×10
-2 mmol/g-VSS Ni et al. (2014) 
 SMred affinity constant for nitrite reduction 1.3×10
-2 mmol/g-VSS Estimated 
 The sum of SMred and SMox, which is a constant 1×10
-2 mmol/g-VSS Ni et al. (2014) 
 
 
 
 
 
 
 
 
 
 
3,MredK
4,MredK
totC
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Figure S1. 95% confidence regions for the parameter combinations among the key model 
parameters for the N2O production processes by AOB with the best fits in the center, as well as their 
standard errors: (a) KO2,NH3 vs. rNH3,ox; (b) KMox vs. KMred,4; (c) KMox vs. KNO2 ; (d) KMred,4 vs. 
KNO2. 
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Appendix C 
N2O production by ammonia oxidizing bacteria in an enriched nitrifying sludge linearly 
depends on inorganic carbon concentration  
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Abstract 
The effect of inorganic carbon (IC) on nitrous oxide (N2O) production by ammonia oxidizing 
bacteria (AOB) was investigated over a concentration range of 0 – 12 mmol C/L, encompassing 
typical IC levels in a wastewater treatment reactors. The AOB culture was enriched along with 
nitrite oxidizing bacteria (NOB) in a sequencing batch reactor (SBR) to perform complete 
nitrification. Batch experiments were conducted with continuous carbon dioxide (CO2) stripping or 
at controlled IC concentrations. The results revealed a linear relationship between N2O production 
rate (N2OR) and IC concentration (R
2 = 0.97) within the IC range studied, suggesting a substantial 
effect of IC on N2O production by AOB. Similar results were also obtained with an AOB culture 
treating anaerobic sludge digestion liquor. The fundamental mechanism responsible for this 
dependency is unclear; however, in agreement with previous studies, it was observed that the 
ammonia oxidation rate (AOR) was also influenced by the IC concentration, which could be well 
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described by the Monod kinetics. These resulted in an exponential relationship between N2OR and 
AOR, as previously observed in experiments where AOR was altered by varying dissolved oxygen 
and ammonia concentrations. It is therefore possible that IC indirectly affected N2OR by causing a 
change in AOR. The observation in this study indicates that alkalinity (mostly contributed by IC) 
could be a significant factor influencing N2O production and should be taken into consideration in 
estimating and mitigating N2O emissions in wastewater treatment systems. 
 
Keywords: Inorganic carbon; Nitrous oxide; Ammonia oxidizing bacteria; Linear relationship; 
Exponential relationship 
 
1. Introduction 
Biological nitrogen removal (BNR) during wastewater treatment involves autotrophic nitrification 
and heterotrophic denitrification (Tchobanoglous et al., 2003; Kampschreur et al., 2009). 
Autotrophic nitrification consists of a two key steps where ammonia (NH3) is first oxidized to 
nitrite (NO2
-) by ammonia oxidizing bacteria (AOB), and nitrite is subsequently oxidized to nitrate 
(NO3
-) by nitrite-oxidizing bacteria (NOB). Nitrous oxide (N2O), a potent greenhouse gas and a 
major sink of stratospheric ozone (Ravishankara et al., 2009; IPCC, 2007), can be produced by 
AOB via two main pathways: (i) the reduction of NO2
- as terminal electron acceptor to N2O via 
nitric oxide (NO), known as AOB denitrification (Kampschreur et al., 2007; Kim et al., 2010; Yu et 
al., 2010) and (ii) N2O as a side product during incomplete oxidation of hydroxylamine (NH2OH) to 
NO2
-, which is one of the key steps involved in ammonia oxidation (Chandran et al., 2011; Stein, 
2011; Law et al., 2012a).  
 
Large variations in N2O emissions have been widely reported for different wastewater treatment 
plants and also within the same plant (Kampschreur et al., 2009; Law et al., 2012b). These are 
attributed to the very different operational conditions (e.g. dissolved oxygen (DO) concentration, 
pH level, ammonium (NH4
+) loading rate, and NO2
- accumulation) applied to different plants and 
also in different zones of a plant (Law et al., 2012b). The dynamic variations of these factors also 
likely contribute to the temporal variations in N2O emissions. Indeed, extensive lab-scale studies 
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using various nitrifying cultures and activated sludge confirmed significant effects of all these 
factors on N2O production by AOB (Tallec et al., 2006; Kampschreur et al., 2007; Kim et al., 2010; 
Yu et al., 2010; Law et al., 2011; Wunderlin et al., 2012; Law et al., 2012a; Law et al., 2013). The 
effects of DO, NO2
- and ammonia oxidation rate (AOR) were recently further clarified with the aid 
of isotopic measurements and mathematical modeling (Law et al., 2012a; Wunderlin et al., 2013; Ni 
et al., 2014; Peng et al., 2014). 
 
AOB utilize NH3 as the electron donor to generate energy and reducing power to fix carbon dioxide 
(CO2) via the Calvin-Benson-bassham (CBB) cycle for cell synthesis (Arp and Stein, 2003). 
Bicarbonate, the dominant form of inorganic carbon (IC) under pH conditions close to neutrality, is 
therefore of great importance for the metabolism of AOB (Guisasola et al., 2007). The IC 
concentration in activated sludge can change substantially depending on its level in wastewater, and 
also its consumption and production by various types acid or base production processes (Henze et 
al., 2002). For example, the IC levels in typical domestic wastewater treatment plants have been 
reported to vary in the range of 1.5 – 2.5 mmol C/L (Pescod, 1992). In comparison, although the IC 
levels in rejection water of digested sludge can be as high as 20 mmol C/L (Henze et al., 2002), it 
could drop dramatically to approximately 5 mmol C/L in the partial nitritation system treating the 
reject water due to the large demand for alkalinity by the oxidation of a high concentration of 
ammonium (Wett and Rauch, 2003; Guisasola et al., 2007).  
 
Several previous studies have demonstrated that IC limitation could lower the respiration rate of 
AOB (Jun et al., 2000; Green et al., 2002; Wett and Rauch, 2003; Guisasola et al., 2007). Such 
observations have been made using nitrifying activated sludge, nitrifying biofilm, nitrifying 
fluidised bed reactors treating various types of wastewater. Denecke and Liebig (2003) found that 
the relationship between nitrification rate and the CO2 concentration could be described by the 
Haldane kinetics in a nitrifying reactor. Torà et al. (2010) demonstrated that the inhibitory effects of 
free ammonia (FA) and free nitrous acid (FNA) on AOB could be amplified with IC limitation 
using an enriched AOB sludge. In the meantime, evidence is becoming available showing that N2O 
production is intrinsically linked to the specific growth rate of AOB and nitrification activity (e.g. 
AOR) (Yu et al., 2010; Law et al., 2012a). Therefore, it could be expected that the IC concentration 
  133 
could have an impact on N2O production by AOB. Indeed, a recent study by Khunjar et al. (2011) 
suggested IC limitation negatively affected the ammonia removal efficiency as well as the AOB 
respiration rate, and caused an increase of N2O emission. However, there has been a lack of 
understanding on the dependency of N2O production by AOB on the IC concentration.  
 
The aim of this study is to clarify the effect of IC on N2O production by AOB. An enriched 
nitrifying culture consisting of primarily AOB and NOB is used in this study. By conducting batch 
tests under conditions with DO, pH, and NH3 being controlled, and with negligible interference 
from heterotrophic denitrification, the relationship between IC concentration and N2O production 
by AOB is established. The results are further verified by the experimental results obtained with an 
enriched AOB culture treating anaerobic digester liquor. 
 
2. Materials and methods 
2.1. Enriched nitrifying culture  
A lab-scale sequencing batch reactor (SBR) was operated in the laboratory at room temperature 
(22.0 – 23.0ºC), seeded with sludge from a domestic wastewater treatment plant in Brisbane, 
Australia. The SBR had a working volume of 8L and fed with ammonium with the aim to obtain an 
enriched culture of AOB and NOB. One cycle of 6 hr consisted of 260 min aerobic feeding, 20 min 
further aerating, 1 min wasting, 60 min settling and 19 min decanting periods. In each cycle, 2 L of 
synthetic wastewater (compositions are described below) was fed to the reactor, resulting in a 
hydraulic retention time (HRT) of 24 hr. The solids retention time (SRT) was kept at 15 days by 
wasting 130 mL of sludge during the 1-min wasting period. pH in the reactor was measured with a 
pH meter (miniCHEM) and controlled at 7.5 by dosing 1 M NaHCO3. Compressed air was supplied 
to the reactor during the feeding and aerobic phases. DO in the reactor was continuously monitored 
online using a DO meter (miniCHEM) and controlled between 2.5 and 3.0 mg O2/L with a 
programmed logic controller (PLC).  
 
The synthetic wastewater for the nitrifying reactor comprised per liter (adapted from (Kuai and 
Verstraete, 1998)): 5.63 g/L of NH4HCO3 (1 g/L NH4-N), 5.99 g/L of NaHCO3, 0.064 g/L of each 
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of KH2PO4 and K2HPO4 and 2 mL of a trace element stock solution. The trace element stock 
solution contained: 1.25 g/L EDTA, 0.55 g/L ZnSO4·7H2O, 0.40 g/L CoCl2·6H2O, 1.275 g/L 
MnCl2·4H2O, 0.40 g/L CuSO4·5H2O, 0.05 g/L Na2MoO4·2H2O, 1.375 g/L CaCl2·2H2O, 1.25 g/L 
FeCl3·6H2O and 44.4 g/L MgSO4·7H2O.  
 
When the batch experiments described in the next section were carried out, the nitrifying culture 
was in steady state for more than 8 months, with almost 100% conversion of NH4
+ to NO3
-. The 
mixed liquor volatile suspended solids (MLVSS) concentration was stable at 1480 ± 28 mg/L (n=8). 
Characterization of the biomass composition using fluorescence in situ hybridization (FISH) 
indicated that 46 ± 6% of the bacterial populations were ammonia-oxidising beta-proteobacteria 
and 38 ± 5% of the bacterial populations belong to the Nitrospira genera (nitrite oxidizers). Details 
of the microbial analysis methods and results can be found in Peng et al. (2014). We further 
conducted 16S rRNA gene sequencing to identify the predominant AOB species of this study, 
which revealed that the AOB populations were dominated (almost 80%) by the Nitrosomonadaceae 
family.   
 
2.2. Batch tests  
All batch tests were conducted at room temperature (22.0 – 23.0 ºC) in a 1.3 L reactor with a 
sealable lid. pH and DO in all experiments were continuously monitored online using a pH sensor 
(miniCHEM) and a DO sensor (miniCHEM). pH in all tests was controlled at 7.5 using a PLC by 
dosing 0.1 M NaOH or 0.1 M HCl. Aeration was provided through a gas mixture of N2 and air. DO 
concentrations in all tests were manually controlled at 2.5 mg O2/L by varying the ratio between the 
N2 and air gas streams. The N2 flow rate and air flow rate were adjusted using two mass flow 
controllers (Smart- Trak 50 series- 1 L/min and 5 L/min, Sierra). The total gas flow rate was 
controlled constantly at 0.5 L/min. For each change in altering the DO concentration, the change in 
the air flow rate was compensated for by an equivalent opposite change in the N2 flow rate. 
 
The effect of IC on N2O production by AOB was examined through the following two sets of 
experiments: 
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Set 1: CO2 stripping batch tests. This set of tests was carried out in triplicate, aiming to investigate 
N2O production under conditions of dynamic IC concentrations. For each test, 0.15 L mixed liquor 
was withdrawn from the AOB + NOB culture and diluted to 1L with decant from the parent reactor 
before being used for the experiments. As a result, the initial conditions (e.g. the concentrations of 
NH4
+, NO2
-, NO3
-, trace elements, and IC) in each batch test would be similar to those in the parent 
reactor. Particularly, the initial IC level for each test was around 10 mmol C/L. The dilution ratio 
was chosen so that the desired DO concentration (2.5 mg O2/L) could be achieved with the aeration 
system available, and that N2O in the gas phase was in the measurement range of the online gas 
analyser (to be further described). Each test consisted of two phases, namely a control phase and an 
experimental phase. In the control phase lasting for 20 min, no NH4
+ was added and N2O 
production could therefore be attributed to heterotrophic activity. In the following experimental 
phase, which lasted for 10 hour, the NH4
+ concentrations in all tests were controlled at a non-
limiting concentration of around 20 mg NH4
+-N/L through manually adding a stock solution of 28.3 
g/L (NH4)2SO4 with amounts determined based on the estimated ammonium consumption rate, 
using the method described in Peng et al. (2014). Briefly, the oxygen uptake rate (OUR) by the 
culture was calculated based on the mass transfer constant (KLa), determined through a separate 
experiment (Peng et al., 2014), and the DO concentration measured online. AOR was subsequently 
estimated based on its stoichiometric relationship with OUR (AOR = OUR/4.33) (Wezernak and 
Gannon, 1967). CO2 in the batch reactor was continuously stripped out by the aeration system, with 
the gas phase CO2 concentration continuously monitored using the online gas analyser (to be further 
described). 
 
An additional set of stripping tests with very high initial IC concentrations approximately 25 mmol 
C/L (typical range of IC in a WWTP is 1.5 – 2.5 mmol C/L) was conducted to elucidate the 
boundary condition of the experimental findings in this work. 15 mL of 1 M NaHCO3 stock 
solution was added at the beginning of the test to raise the IC concentration to approximately 25 
mmol C/L (detailed results are presented in Supplementary Materials).  
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Set 2: Tests with constant IC. This set of experiments aims to further validate the relationship 
between N2O production and different IC levels. This set of experiments consisted of six batch tests 
with the addition of bicarbonate for the IC concentration to be maintained at 0, 2, 4, 6, 9, and 12 
mmol C/L, respectively. These levels are in the range observed both in the parent reactor and used 
in the CO2-stripping tests. For each test, 0.15 L mixed liquor was withdrawn from the AOB + NOB 
culture and centrifuged at 4000 rpm for 5 min. The concentrated sludge was then suspended in 1-L 
stock solution with the same composition of the synthetic wastewater for the nitrifying reactor 
described above, but without NH4HCO3 or NaHCO3. Before each experiment, different levels of IC 
were achieved by manually adding various amounts of a stock solution of 1 M NaHCO3 into the 
batch reactor and pH was adjust back to 7.5 by dosing either 1M HCl or 1M NaOH. In each batch 
experiment that lasted for 45 min, the NH4
+ concentrations in all tests were controlled at around 20 
mg NH4
+-N/L as described above. The IC concentrations in all tests were controlled at constant 
levels through manually adding the stock solution of 1 M NaHCO3 with amounts estimated 
according to the stripped CO2 concentration measured by an on-line gas analyser (to be further 
described) and Equation (1):  
 
𝑅𝐼𝐶 =
𝐶𝐶𝑂2−0.038%
24.3
∗ 0.5            
     (1) 
where 𝑅𝐼𝐶  is the decreasing rate of IC concentration, mol C/min; 𝐶𝐶𝑂2  is the concentration of 
stripped CO2, Vol.%, 0.038% is the atmospheric concentration of CO2 (IPCC, 2007); 24.3 is the 
molar volume of an ideal gas at 1 atmospheric pressure and 23 ºC, L/mol; 0.5 is the total gas flow 
rate, L/min. 
 
It should be noted that as described above, the on-line CO2 data and the oxygen consumption rate 
determined the amounts of NaHCO3 and (NH4)2SO4 to be added. As this calculation could only be 
done discrete in time, the dosage was also discrete in time. 
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During each test (in both sets), mixed liquor samples were taken every 15 min for NH4
+, NO2
-, NO3
- 
and IC analyses using a syringe and immediately filtered through disposable Milipore filters (0.22 
mm pore size). A 50 mL mixed liquor sample was taken from the batch reactor at the end of each 
test to determine the mixed liquor suspended solids (MLSS) concentration and its volatile fraction 
(MLVSS). In order to evaluate the N2O consumption by heterotrophic bacteria, N2O consumption 
tests were also conducted at same operational conditions (details refer to Peng et al. (2014)). 
 
2.3. On-line gas monitoring and off-line chemical analysis  
N2O and CO2 concentrations in the off gas from the batch reactor were measured with a URAS 26 
infrared photometer (Advance Optima Continuous Gas Analyser AO2020 series, ABB), with a 
measuring range of 0 – 100 ppmv and a detection limit of 1.0 ppmv for N2O and with a measuring 
range of 0 – 5 % and a detection limit of 0.01 % for CO2. Data were logged every 30 sec. To 
prevent moisture from entering the analyser, a moisture filter was installed at the gas inlet of the 
analyser. A t-shaped tubing joint was fitted on to the gas sampling tube connecting the gas outlet of 
the reactor and the gas analyser. This allowed the excess gas flow from aeration to escape from the 
system, maintaining atmospheric pressure in the reactor. The sampling pump of the analyser was 
adjusted to be lower than the total gas flow rate in the reactor at all times. The gas analyser was 
calibrated periodically (every 6 months) as per manufacturer’s instruction and no signal drift was 
detected. Preliminary tests were conducted to investigate the measuring interference between N2O 
and CO2 and no interference was detected. 
 
The NH4
+, NO3
- and NO2
- concentrations were analysed using a Lachat QuikChem8000 Flow 
Injection Analyser (Lachat Instrument, Milwaukee). The samples containing IC were injected into a 
phosphoric acid solution and the formed CO2 was stripped and measured by a Total Organic Carbon 
Analyser (Shimadzu, Australia). The MLSS concentration and its volatile fraction (MLVSS) were 
analysed in triplicate according to the standard methods (APHA, 1998). 
 
2.4. Calculations  
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Biomass specific ammonia oxidation rate (AORsp) and biomass specific N2O production rate 
(N2ORsp) were determined for each batch test. The converted NH4
+ was calculated based on the 
periodical addition of NH4
+ and the measured NH4
+ concentration profiles. The N2O production rate 
(N2OR) was calculated by multiplying the measured gas phase N2O concentration and the known 
gas flow rate, neglecting the amount of liquid-phase N2O in equilibrium with gas-phase N2O (Peng 
et al., 2014). For experiment set 1, the entire testing duration was divided into multiple 15-min 
periods (interval of mix liquor sampling). The AOR and N2OR were calculated and averaged over 
each 15-min period. For experiment set 2, the AOR and N2OR of each test (with constant conditions 
applied) were calculated over the entire period (relatively constant in all cases). N2ORsp (mg N2O-
N/hr/g VSS) and AORsp (mg NH4
+-N/hr/g VSS) were calculated by normalising the N2OR and 
AOR data with the MLVSS concentration. 
 
2.5. Reanalysis of experimental data from a nitritation system 
Law et al. (2011) operated a lab-scale SBR of 8 L to select AOB for partial nitritation at a 
controlled temperature of 33 ± 1 ºC. The reactor was operated in identical cycles of 6 h consisting 
of 25 min settling, 5 min decanting, 10 min idle I, 2.5 min feeding I, 67.5 min aerobic reaction I, 
86.9 min idle II, 2.5 min feeding II, 67.5 min aerobic reaction II, 86.9 min idle III and 1.2 min 
wasting periods. In each feeding period, synthetic wastewater mimicking anaerobic sludge digester 
liquor (composition described in Law et al. (2011)) of 1 L was added, resulting in a hydraulic 
retention time (HRT) of 1 day. During the feeding and aerobic reaction phases, aeration was 
supplied with a constant air flow rate of 2.5 L/ min, resulting in DO concentrations varying between 
0.5 and 0.8 mg O2/L. 100 mL of mixed liquor was wasted per cycle giving rise to a theoretical 
sludge retention time (SRT) of 20 days. pH of the reactor mixed liquor increased to 7.4 ± 0.1 after 
feeding and dropped to approximately 6.4 with ammonium oxidation proceeded. 1 M NaHCO3 was 
then used to automatically control pH at 6.4 ± 0.05 using a programmable logic controller (PLC) 
system to ensure that pH did not decrease further. 
 
Cycle studies were conducted using the SBR reactor. pH and DO in the reactor were continuously 
monitored online for 24 hours. N2O and CO2 concentrations in the off-gas were measured with a 
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URAS 26 infrared photometer (as described above). The mixed liquor samples were taken for 
NH4
+, NO3
- and NO2
- concentrations measurement.  
 
The IC concentrations were calculated based on the CO2 concentration in gas phase and pH of the 
mixed liquor according to Yuan et al. (2006), as further summarized in Supplementary Materials. 
Thus, each IC concentration corresponded to one N2OR, which was calculated by multiplying the 
measured gas phase N2O concentration and the known gas flow rate (2.5 L/min). As all the data 
from the cycle study (e.g. the concentration of NH4
+, NO2
-, NO3
-, CO2, N2O and IC) was repetitive, 
N2ORs during aerobic phase from one cycle were plotted against the corresponding IC levels (as 
shown in Figure 3b).  
 
3. Results 
3.1. The effect of CO2 stripping  
Figure 1 shows an example of the gaseous N2O profile along with the NH4
+, NO2
-, IC, CO2 and 
AOR profiles in a CO2-stripping batch test with DO at 2.5 mg O2/L and pH at 7.5. Very similar 
trends of all these variables were observed in all other tests. The gaseous N2O concentration 
remained constant (close to zero) during the 20 min control phase without NH4
+ addition, indicating 
no N2O production from heterotrophic denitrification (data not shown). After the addition of NH4
+, 
the gaseous N2O concentration increased sharply to approximately 30 ppmv, dropped rapidly 
overtime and plateaued at around 3 ppmv at the end. The concentrations of IC and CO2 showed a 
very similar decreasing trend with the N2O concentration overtime. The IC concentration decreased 
from approximately 12.5 mmol C/L to around 0.4 mmol C/L and the CO2 concentration declined 
from the peak (around 0.53 Vol.%) to approximately 0.035 Vol.%. The NH4
+ concentration was 
relatively constant at 20 mg N/L due to periodic addition of NH4
+. AOR was independent of IC 
initially when IC level was over 6 mmol C/L, but it decreased as IC further decreased. The NO2
- 
accumulated to around 4.0 mg N/L initially and decreased to 1.2 mg N/L at the end of this test. The 
nitrogen balance closes very well with a balancing error smaller than 0.5% (Table S1). 
 
3.2. The effect of IC at constant levels  
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An example batch test for each IC level of 12, 9, 6, 4, 2, and 0 mmol C/L is shown in Figure 2a – 
2f. The gaseous N2O profile along with the NH4
+, NO2
-, IC and CO2 profiles in all other tests with 
the same bicarbonate addition displayed very similar trends. The N2O concentration in control 
phase was zero, indicating negligible N2O production by heterotrophic denitrification. After the 
addition of (NH4)2SO4 and NaHCO3, the gaseous N2O concentrations in all batch tests increased 
rapidly and remained relatively constant afterwards. The N2ORsp was determined as 2.8, 2.5, 1.5, 
1.3, 0.5, and 0.3 mg N/hr/g VSS in Figure 2a, 2b, 2c, 2d, 2e, and 2f, while the corresponding IC 
concentrations was maintained at around 11.6, 9.1, 5.7, 4.1, 1.8 and 0.5 mmol C/L due to the 
periodic addition of bicarbonate. The CO2 concentration and NH4
+ concentration of each batch test 
were also relatively constant at different levels and at 20 mg N/L, respectively. The NO2
- 
concentrations in all batch tests showed an increasing trend initially but stayed at a relatively 
constant level, in the range of 0.6 – 3.0 mg N/L. The nitrogen balance closes very well in all tests 
with balancing errors between 0.5% and 2.5% in all cases (Table S1). 
 
3.3. Relationships between N2ORsp and IC  
Figure 3a summarizes the N2ORsp in all of the batch tests at each of the corresponding IC 
concentrations. The N2ORsp increased almost linearly from 0.25 to 3.14 mg N/hr/g VSS as the IC 
concentration increased from 0.5 to 11.6 mmol C/L By conducting linear regression based on the 
experimental data, it can be seen that most of the data points stayed within the predicted 95% 
confidence bounds, indicating good linear relationship between N2ORsp and IC concentration within 
the IC range studied, which covers the typical IC levels in a WWTP. In additional tests aiming to 
identify the boundary conditions of this linear relationship, it was found that N2ORsp remained 
approximately constant for IC levels above 16 mmol C/L (Figure S2).  
 
Figure S1 shows a 24-hour cycle study results from the nitritation reactor treating anaerobic sludge 
digestion liquor. After removing the initial gas-phase N2O peaks at the beginning of aeration, which 
were due to the stripping of the accumulated liquid-phase N2O during the non-aerated periods, the 
N2ORsp of this nitritation system also showed a linear dependency on IC levels (Figure 3b). The 
result independently confirmed the experimental finding with a different culture. 
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3.4. Relationships between N2ORsp and AORsp  
With the increase of IC concentration from 0.5 to 11.6 mmol C/L, the AORsp increased from 10.4 to 
59.7 mg N/hr/g VSS; however, the increasing rate declined (Figure 4a). The N2ORsp was plotted 
against AORsp in Figure 4b, which displayed an exponential trend. In further data analysis, we 
attempted to fit the experimental data of AORsp vs. IC and N2ORsp vs. AOR with Equation 2 and 
Equation 3, respectively:  
𝑦 =
𝑎𝑥
𝑥+𝑏
                                                             (2) 
𝑦 = 𝑎𝑒(𝑏𝑥)                                                          (3) 
Parameters a and b were estimated by minimizing the sum of squared errors. As shown in Figure 4a 
& 4b, most of the data points were encompassed by the predicted 95% confidence bounds, 
indicating that the effect of IC on AORsp could be well described by Monod kinetics and the 
correlation between N2ORsp and AORsp is exponential. The ratio between N2ORsp and AORsp, i.e. 
the emission factor, also showed a strong positive dependency on the IC concentration (Figure 5). 
  
4. Discussion 
4.1. The effect of IC on N2O production by AOB 
The effect of IC on N2O production by AOB in wastewater treatment has not been elucidated 
before. In this study, an enriched nitrifying culture comprising primarily AOB and NOB was used 
to minimize N2O production/consumption by heterotrophic bacteria. The operational conditions 
(e.g. DO, NH4
+, and pH) that would affect N2O production were controlled at relatively constant 
levels in all tests. Although NO2
- accumulation slightly varied between tests or within a test in a 
small range (within 1 mg NO2
--N/L), these variations in such a range have been shown to have little 
effect on N2O production (Peng et al., 2014). As a result, the effect of IC on N2O production was 
studied with minimum interference from other influential factors. The study revealed, for the first 
time, a linear relationship between N2ORsp and IC concentration in the IC range from 0.4 to 12.4 
mmol C/L (R2 = 0.97). The limit of this linear function occurred when IC increased to above 14 
mmol C/L (Figure S2), with N2OR became independent of IC when the IC concentration was above 
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16 mmol/L. The results were independently confirmed by experimental data obtained from an 
enriched AOB culture treating synthetic anaerobic digester.  
 
In agreement with previous studies (Jun et al., 2000; Green et al., 2002; Wett and Rauch, 2003; 
Guisasola et al., 2007), our results also demonstrated a positive dependency of AORsp on the IC 
concentration, which could be well described by Monod kinetics with KTIC = 2.35 ± 0.29 mmol 
C/L (Figure 4a). Guisasola et al. (2007) also found that a Monod function could describe the effect 
of IC limitation on the ammonium oxidation rate with a similar KTIC value (1.78 mmol C/L) using a 
nitrifying sludge from a pilot plant. As N2O production and the specific growth rate/substrate 
consumption rate of AOB were intrinsically linked (Yu et al., 2010; Law et al., 2012a), it is very 
likely that IC affected N2O production indirectly by causing a change in AOR, resulting in an 
exponential relationship between N2ORsp and AORsp (Figure 4b).  
 
The exponential correlation between N2ORsp and AORsp has also been observed by Law et al. 
(2012a) with DO and NH4
+, rather than IC, as the factors to vary AOR. Even though the 
observations of these two studies are consistent with each other, the mechanism may be different. 
Both NH3 and O2 are substrates for ammonia oxidation and may have affected N2O production 
through their impact on the electron supply and electron transport processes (Law et al. 2012a). 
However, IC is not utilized for ammonia oxidation. Although the fixation the CO2 by AOB for 
growth requires some electrons (Hagopian and Riley, 1998), the amount of electrons required for 
the assimilation is very limited. Therefore, with the limited amount of CO2 to be fixed (Table S2), 
CO2 fixation would unlikely have significant effects on the electron balances. However, CO2 
fixation is an energy intensive process (Poughon et al., 2001). Therefore, we hypothesize that the 
indirect dependency of N2O production by AOB on IC be likely due to the important role of IC in 
linking the energy generating and consuming processes (Khunjar et al., 2011). However, the 
fundamental mechanism remains to be fully elucidated. 
 
A previous study by Khunjar et al. (2011) observed increased N2O emission under IC limiting 
conditions using Nitrosomonas europaea, which was contradicted to our findings. Aamand et al. 
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(2009) found that the carbonic anhydrase, a ubiquitous enzyme as well as a functional enzyme 
during CBB cycle (Kim et al., 2012), could potentially utilize NO2
- to generate nitric oxide. The 
activity of carbonic anhydrase increased with decreasing CO2 concentration during the growth of 
Nitrosomonas (Jahnke et al., 1984). As a result, more NO should be produced by carbonic 
anhydrase under IC limiting conditions, which is subsequently reduced to N2O by Nor enzymes. 
This potential N2O pathway could partially explain the observation by (Khunjar et al., 2011). 
However, the experimentally observed results of this work showed lower N2O production at lower 
IC concentration, indicating that the NO produced by carbonic anhydrase played a minor role in 
contributing to N2O production in our systems. Although the dominant AOB in this study, which 
are Nitrosomonadaceae family for the nitrifying reactor and Nitrosomanas genus for the nitritation 
system (Law et al., 2012), covered Nitrosomnas europaea, the possibility of the presence of 
multiple AOB species can not be ruled out. The genome structure and gene regulation of AOB in 
response to stress (e.g. nitrite) vary even between closely related N. europaea and N. eutropha 
strains (Cua and Stein, 2011). 
 
4.2. Practical implications  
Previous studies on N2O production from wastewater treatment systems mainly focused on its 
correlation to operational conditions such as the NH4
+ loading rate, NO2
- concentration, pH level 
and DO concentration. The effect of alkalinity in wastewater, mostly resulting from calcium and 
magnesium bicarbonates, was neglected when quantifying N2O emissions from wastewater 
treatment. The alkalinity concentration varies a lot among wastewaters. The alkalinity in domestic 
wastewater is between 1.5 – 3.5 mmol C/L, while the alkalinity in high-strength leachate, septic 
sludge, and digester supernatant can be as high as 20 mmol C/L (Henze et al., 2002). It should be 
noted that the IC concentration is also dependent on the alkalinity consumption in the wastewater 
treatment system. For instance, the IC in the nitrifying or nitritation systems treating digester liquor 
can be very limited due to the fact that a high ammonium concentration in the influent would result 
in a high alkalinity demand/consumption. The range of IC investigated in this study (0 -12 mmol 
C/L) covered the typical IC ranges in a wastewater treatment plants (1.5 – 5 mmol C/L) (Pescod 
1992; Wett and Rauch, 2003), the linear dependency revealed in this study (Figure 3) is likely 
applicable for most wastewater treatment plants. Therefore, alkalinity could be another important 
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factor accounting for the high variability of N2O emissions in full-scale wastewater treatment 
plants.  
 
Mathematical modeling has been widely recognized as an appropriate method to estimate site-
specific N2O emissions (Flores-Alsina et al., 2011; Ni et al., 2013a). So far the models describing 
N2O production by AOB have been proposed do not consider the possible effect by IC variations 
(Ni et al., 2011; Law et al., 2012a; Ni et al., 2013b; Mampaey et al., 2013; Guo and Vanrolleghem, 
2014; Ni et al., 2014). This may not be appropriate, when the IC concentration in the bioreactor 
varies temporarily or spatially. For such systems, future N2O models would need to explicitly 
consider the effect of IC and well describe the exponential variation of N2O with AOR, in order to 
better estimate N2O emissions in different wastewater treatment systems.  
 
5. Conclusions 
In this study, the effect of IC on N2O production by AOB in an enriched nitrifying culture was 
investigated through a series of CO2-stripping and IC-controlled experiments. The main conclusions 
are: 
 The N2O production rate by AOB is linearly dependent on inorganic carbon concentration in 
a wastewater treatment reactor. This observation indicates that alkalinity could be a 
significant factor influencing N2O production and should be taken into consideration in 
estimating and mitigating N2O emissions in wastewater treatment systems. 
 It is very likely that inorganic carbon affects N2O production by AOB indirectly by causing 
a change in the ammonium oxidation rate. Carbon fixation during AOB growth influences 
both the ATP and NADPH pools, which could exert a feedback effect on the catabolic 
process.  
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Figure legends 
Figure 1. Gas phase N2O(—), CO2(---), liquid phase NH4+(), NO2-(), IC() concentrations and 
AORsp () in a CO2-stripping batch test. (NH4)2SO4 was dosed initially resulting in an initial 
ammonium concentration of 20 mg N/L. A pulse of (NH4)2SO4 was added every 15 min 
subsequently to maintain a relatively constant NH4
+ concentration. DO and pH were controlled at 
2.5 mg O2/L and pH 7.5, respectively, during the entire test. 
Figure 2. Gas phase N2O(—), CO2(---) and liquid phase NH4+(), NO2-(), IC() in six IC-
constant batch tests. 12, 9, 6, 4, 2, or 0 M of NaHCO3 along with 20 mg N/L of (NH4)2SO4 was 
dosed in the beginning of each test, respectively. A pulse of NaHCO3 () and a pulse of (NH4)2SO4 
() was added (as shown in each figure above) subsequently to maintain a relatively constant IC 
and NH4
+ concentration. AORsp was determined as 59.7, 55.1, 46.8, 43.0, 22.2 and 10.4 mg N/hr/g 
VSS in each test, respectively. DO concentration and pH were controlled at 2.5 mg O2/L and pH 
7.5, respectively during the entire test. 
Figure 3. The experimentally observed relationship between N2ORsp and IC, and the linear 
regression results in both nitrifying and nitritation reactors.. 
Figure 4. The experimentally observed and model-fitted relationships between (a) AORsp and IC, 
(b) N2ORsp and AORsp in the nitrifying reactor (experimental data from CO2-striping batch tests, ; 
experimental data from IC-constant batch tests, ; model fit, —; predicted 95% confidence bound, 
---). 
Figure 5. The experimentally observed relationship between N2ORsp/AORsp and IC in the nitrifying 
reactor. 
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Figure 1. Gas phase N2O(—), CO2(---), liquid phase NH4+(), NO2-(), IC() concentrations and 
AORsp () in a CO2-stripping batch test. (NH4)2SO4 was dosed initially resulting in an initial 
ammonium concentration of 20 mg N/L. A pulse of (NH4)2SO4 was added every 15 min 
subsequently to maintain a relatively constant NH4
+ concentration. DO and pH were controlled at 
2.5 mg O2/L and pH 7.5, respectively, during the entire test. 
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Figure 2. Gas phase N2O(—), CO2(---) and liquid phase NH4+(), NO2-(), IC() in six IC-
constant batch tests. 12, 9, 6, 4, 2, or 0 M of NaHCO3 along with 20 mg N/L of (NH4)2SO4 was 
dosed in the beginning of each test, respectively. A pulse of NaHCO3 () and a pulse of (NH4)2SO4 
() was added (as shown in each figure above) subsequently to maintain a relatively constant IC 
and NH4
+ concentration. AORsp was determined as 59.7, 55.1, 46.8, 43.0, 22.2 and 10.4 mg N/hr/g 
VSS in each test, respectively. DO concentration and pH were controlled at 2.5 mg O2/L and pH 
7.5, respectively during the entire test. 
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Figure 3. The experimentally observed relationships between N2ORsp and IC, and the linear 
regression results in both nitrifying and nitritation reactors. 
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Figure 4. The experimentally observed and model-fitted relationships between (a) AORsp and IC, 
(b) N2ORsp and AORsp in the nitrifying reactor (experimental data from CO2-striping batch tests, ; 
experimental data from IC-constant batch tests, ; model fit, —; predicted 95% confidence bound, 
---). 
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Figure 5. The experimentally observed relationship between N2ORsp/AORsp and IC in the nitrifying 
reactor. 
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Table S1. Mass balance of nitrogen 
Test Added 
NH4+ 
(mg N) 
End 
NH4+ 
(mg N) 
Increased 
NO2- (mg 
N) 
Increased 
NO3- (mg 
N) 
Emitted 
N2O (mg 
N) 
Produced 
nitrogen/consumed 
ammonium 
Figure 1 127.6 20.4 1.2 103.0 2.50 99.5% 
Figure 2a 33.9 18.1 3.0 12.0 0.60 98.7% 
Figure 2b 29.6 18.4 2.3 8.4 0.40 99.1% 
Figure 2c 30.0 19.6 2.1 8.0 0.30 100% 
Figure 2d 28.5 18.7 2.0 7.5 0.25 99.5% 
Figure 2e 24.7 19.6 1.3 3.6 0.11 98.2% 
Figure 2f 20.9 18.8 0.5 1.5 0.05 97.6% 
 
 Table S2. Mass balance of inorganic carbon 
Test Initial IC 
(mmol C) 
Added IC 
(mmol C) 
Final IC 
(mmol C) 
Stripped 
CO2 (mmol 
C) 
Stripped CO2/ 
decreased IC 
Figure 1 12.4 0 0.4 11.5 96% 
Figure 2a 0.4 15.3 11.8 3.7 95% 
Figure 2b 0.4 12.4 9.4 3.2 94% 
Figure 2c 0.4 7.8 6.0 2.0 91% 
Figure 2d 0.4 4.8 4.0 1.2 100% 
Figure 2e 0.4 1.9 1.8 0.5 100% 
Figure 2f 0.4 0 0.4 0 0 
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Figure S1. The NH4
+, NO2
- and NO3
- concentrations in one cycle and CO2, IC, N2O and N2ORsp 
(removed the initial peak due to liquid-phase accumulation) profiles during 24 hours in the 
nitritation reactor. 
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Figure S2. The profiles of N2OR, CO2, IC and AORsp in three CO2-stripping tests. 
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Abstract 
Mathematical models for nitrous oxide (N2O) production by ammonia oxidizing bacteria (AOB) 
based on a single pathway have been proposed to support the design and operation of wastewater 
treatment plants (WWTPs). However, the boundary conditions for each of these models have not 
been established to date. This study tests the predictive ability of two single-pathway models based 
  161 
on the AOB denitrification pathway and the hydroxylamine (NH2OH) oxidation pathway, 
respectively, to describe the N2O data generated by a N2O model that incorporates both pathways, 
and provides theoretical guidance on how to use these two single-pathway models as well as the 
two-pathway model under various conditions. The model based on the AOB denitrification pathway 
can be used under the condition of a constant dissolved oxygen (DO) concentration, applied either 
at a low DO concentration (< ~0.5 mg O2/L) with any non-inhibitory nitrite (NO2
-) concentrations 
or at higher DO (≥ ~0.5 mg O2/L) with relatively high NO2- (≥ ~1.0 mg N/L) but non-inhibitory 
concentrations. The model based on the NH2OH oxidation pathway can be applied under the 
condition of relatively high DO concentrations (≥ ~1.5 mg O2/L), being either constant or time-
varying, with any non-inhibitory NO2
- concentrations. Under other conditions, the two-pathway 
model should be applied. 
Keywords: Nitrous oxide; Ammonia oxidizing bacteria; Single-pathway models; Two-pathway 
model; Dissolved oxygen; Nitrite 
 
1. Introduction 
The emission of nitrous oxide (N2O) from wastewater treatment plants (WWTPs) is of great 
environmental concern due to its strong global warming potential and ability to deplete the 
stratospheric ozone layer [1,2]. Ammonia oxidizing bacteria (AOB) have been recognized to be the 
main contributor to N2O production during wastewater treatment via two main pathways: (i) the 
reduction of nitrite (NO2
-) to N2O via nitric oxide (NO), known as AOB denitrification and (ii) N2O 
as a side product during incomplete oxidation of hydroxylamine (NH2OH) to NO2
- [3-8]. Increasing 
  162 
evidences show that dissolved oxygen (DO) and NO2
- are the two key affecting factors that play 
pivotal roles in regulating N2O production by AOB via different pathways [3,9-13]. 
 
Based on the two known N2O pathways, several mathematical models have been proposed in order 
to evaluate the effect of process configuration and operation on N2O emission and develop 
mitigation strategies, including single-pathway models and a model with two pathways. The 
conceptual structures of three representative N2O models are presented in Figure 1. The AOB 
denitrification model (Figure 1A) is based on the AOB denitrification pathway, whilst the NH2OH 
oxidation model (Figure 1B) assumes that N2O production is due to the reduction of NO produced 
from the oxidation of NH2OH [14,15]. The two-pathway model (Figure 1C) incorporates both the 
AOB denitrification and NH2OH oxidation pathways [16].  
 
By conducting side-by-side comparison of the two single-pathway models with experimental data 
reported in literature, Ni et al. [14] demonstrated that none of the single-pathway models can 
reproduce all the N2O data, probably due to the fact that the two pathways are affected by 
operational conditions differently [5,8]. In this sense the two-pathway model enhanced our ability to 
predict N2O production by AOB during wastewater treatment under different conditions, which has 
been demonstrated to be applicable to various systems under different DO and NO2
- conditions 
[10,11,16,17]. However, the single-pathway models have simpler structures and fewer parameters, 
which bring convenience to model calibration, and could be used preferably under certain 
conditions. However, such conditions have not been established. 
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The aim of this study is to identify under what conditions the AOB denitrification model and the 
NH2OH oxidation model are able to replace the two-pathway model for practical applications, and 
under what conditions the two-pathway model has to be applied. This study provides guidance for 
selecting suitable N2O models according to operational conditions. 
 
2. Materials and methods 
2.1. Mathematical models for N2O production  
The stoichiometric matrices and kinetic expressions for the three mathematical N2O models 
presented in Figure 1 are summarized in Table S1 and S2 in the Supplementary Information (SI). 
The AOB denitrification model (Table S1) synthesizes two aerobic processes and two anoxic 
processes. The aerobic processes include ammonia (NH4
+) oxidation to NH2OH, mediated by 
ammonia monooxygenase (AMO) and NH2OH oxidation to NO2
- with O2 as the terminal electron 
acceptor, mediated by hydroxylamine oxidoreductase (HAO). The anoxic processes involve the 
utilization of NO2
- as the terminal electron acceptor to produce NO and subsequently N2O by 
consuming NH2OH as the electron donor, mediated by the nitrite reductase (NIR) and the nitric 
oxide reductase (NOR), respectively. DO is assumed to have an inhibitory effect on both NO2
- and 
NO reduction. In the NH2OH oxidation model (Table S1), NH4
+ is first oxidized to NH2OH 
(aerobic process 1) and NH2OH is further oxidized to NO (aerobic process 2) and subsequently to 
NO2
- (aerobic process 3) with NO as an intermediate. N2O is formed from the biological reduction 
of NO that is produced as an intermediate of NH2OH oxidation (anoxic process 4). DO is assumed 
to have no inhibitory effect on NO reduction [4]. For both models, N2O is produced during anoxic 
processes and the difference between aerobic and anoxic maximum reaction rate was considered 
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through the anoxic reduction factor (AOB). The different assumptions with regard to the effect of 
DO on NO reduction in the two single-pathway models are due to the different enzymes involved in 
the AOB denitrification and NH2OH oxidation pathways [8]. The two-pathway model (Table S1) 
synthesizes all relevant reactions involved in the consumption and production of NH3, NH2OH, 
NO2
-, NO, N2O and O2 by AOB and incorporates both the AOB denitrification and the NH2OH 
oxidation pathways. All the oxidation and reduction processes are linked through a pool of electron 
carriers. It should be noted that NO2
− reduction is described as a one-step process in order to avoid a 
direct link between the two pathways via NO. If NO were modeled as an intermediate for NO2
− 
reduction, the NO produced in this process would be available for oxidation to NO2
−, resulting in an 
NO and NO2
− loop. This assumption reduced the instability and complexity of the model. In fact 
NO accumulation/emission is rarely observed during denitrification by AOB or heterotrophs, hence 
the N2O production would not be overestimated based on the assumption that NO2
− is reduced to 
N2O without NO as the intermediate. The metabolism for NOB is involved in the three models as 
described by Hao et al. [18].  
 
2.2. N2O production data generated by the two-pathway model 
DO and NO2
- are investigated in detail in this study in order to establish the applicable conditions 
for the two single-pathway models. Simulations of the two-pathway model using the previously 
established parameter values listed in Table S2 were conducted under constant NH4
+ concentration 
of 20 mg NH4
+-N/L, twelve constant DO levels (0.05, 0.1, 0.2, 0.35, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 
and 5.0 mg O2/L), and eight constant NO2
- concentrations (0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0 and 5.0 
mg NO2
--N/L), which generated ninety-six N2O production rates (N2OR). The AOB biomass in all 
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of the three models is assumed to be 500 mg VSS/L, in accordance with our lab-scale nitrifying 
reactors. As a result, the biomass-specific N2OR (mg N2O-N/hr/g VSS) were calculated by 
normalising the simulated N2OR data with the assumed AOB biomass concentration (i.e. 500 mg 
VSS/L). The investigated ranges of DO and NO2
- cover a broad range of conditions in a typical 
wastewater treatment system. The design with more levels in the lower ranges is due to the fact that 
the affinity constants of oxygen and nitrite for the three models are 0.61 mg O2/L and 0.14 mg NO2
-
-N/L, respectively, resulting in a relatively stronger dependency of relevant reaction rates on lower-
level DO and NO2
-. The values of these N2OR at the steady state in each case were used to calibrate 
parameter AOB in both single-pathway models, as will be further described.  
 
Simulations of the two-pathway model with dynamic NH4
+, NO2
- and NO3
- profiles using the same 
set of parameter values in Table S2 were also conducted under four different conditions: 1) dynamic 
DO (1.5 – 3.5 mg O2/L) with nitrite accumulation; 2) dynamic DO (0 – 1.5 mg O2/L) with nitrite 
accumulation; 3) constant DO (2.0 mg O2/L) with nitrite accumulation; 4) constant DO (0.2 mg 
O2/L) without nitrite accumulation. These simulation conditions were designed based on the results 
obtained in the above-described steady-state simulation studies, in order to verify the conclusions 
drawn from the steady-state simulations. 
 
The two-pathway model of this work, validated for different systems with varying operational 
conditions, is to date the only model structure available in literature that incorporating two different 
pathways, which has been demonstrated to have better predictive ability of N2O production than all 
the single-pathway models due to the fact that the AOB denitrification pathway and the NH2OH 
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oxidation pathway are affected by DO and nitrite differently. Consequently, we considered the 
simulation data produced by this two-pathway model, which has previously been shown to be 
consistent with experimental observations, is a solid source of data for the investigation of single 
pathway models. Although several different single-pathway model structures have been proposed to 
date by different research groups, we were taking two of them (each for one single-pathway model) 
as examples in this study to introduce a useful methodology for the selection of mathematical 
models for N2O production, which could certainly be applied to other single-pathway model 
structures. 
 
2.3. Calibration of single-pathway models under steady-state and dynamic conditions 
The parameters related to the regular ammonia oxidation process, shared by all three models, are 
assumed to be identical. The same values from literature were applied to all three models (Table 
S2), which ensured the simulated ammonia, nitrite and nitrate data by these three models were 
identical and any changes of these literature values, if needed, would exert the same impacts on all 
the models and thus would not affect our results regarding the applicable regions (mainly measuring 
the differences between models rather than the particular output of models). Prior to model 
calibration, we performed sensitivity analysis of key parameters involved in N2O production in 
single-pathway models and identified the anoxic reduction factor (AOB) being the most critical one. 
We therefore only calibrate the anoxic reduction factor (AOB), the key parameter determining the 
N2O production rate in both single-pathway models, based on the N2OR data generated by the two-
pathway model in each case. It is realized that a change of some of the unique parameters of 
importance in determining N2O production in the two-pathway model may lead to variation of the 
estimated values of ηAOB. Therefore, we also performed sensitivity analysis of some key parameters 
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in the two-pathway model on the estimated ηAOB value and the results will be discussed 
subsequently. As for the remaining parameters in the three models, they are expected to cause 
negligible errors due to their minor influence on N2O production. 
 
For the steady-state simulation results, AOB can be uniquely determined for each of the two single-
pathway models for the DO and nitrite concentrations applied in each case. The suitability of a 
single-pathway model is evaluated based on two criteria: 1) the value of the calibrated AOB should 
be approximately constant, independent of the DO and nitrite levels; 2) the value of AOB should be 
in a feasible range (0 – 1.0) under any conditions.  
 
For the dynamic simulation, parameter AOB for each single-pathway model was estimated by 
minimizing the sum of squares of the deviation between the simulating results of the single-pathway 
model and the two-pathway model. AQUASIM was used to perform the estimation of parameter 
AOB [19]. The objective function to be minimized in the parameter estimation is as follows [20]:  
𝐹(𝑝) = (∑ (𝑦𝑇𝑀,𝑖 − 𝑦(𝜂𝐴𝑂𝐵)𝑖)
2)
1
2𝑛𝑖=1                                                                    (1) 
where yTM,i and y(AOB)i are the N2OR values predicted by the two-pathway and single-pathway 
model, respectively, at time ti (i from 1 to n).  
 
Analysis of variance (ANOVA) is used to assess the quality of fit between a single-pathway model 
and the two-pathway model. 
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3. Results  
3.1. N2O production prediction by the two-pathway model 
The two-pathway model has previously been demonstrated to be able to predict N2O production by 
AOB at different DO and NO2
- conditions in different systems [10,11,16,17]. Figure 2a shows the 
simulation results with the two-pathway model under different DO and NO2
- conditions. At each 
NO2
- concentration, the simulated biomass specific N2OR increases rapidly as DO increases from 
0.05 to 0.35 mg O2/L, and then decreases as DO further increases to 5.0 mg O2/L. The increasing 
trend of N2OR with DO under oxygen limiting conditions has previously been observed 
experimentally in various studies using different culture [11,13,21]. Similarly, the inhibitory effect 
of high DO on N2O production by AOB are supported by Tallec et al. [13] and Yang et al. [21]. At 
each DO concentration, the simulated biomass specific N2OR increases as NO2
- increases. The 
positive correlation between N2OR and NO2
- concentration is also consistent with experimental 
observations with nitrifying sludge [3,13]. Figure 2b & c show the model-predicted contributions of 
the AOB denitrification and NH2OH oxidation pathways to N2O production at different DO and 
NO2
- levels. The contribution of AOB denitrification pathway to N2O production decreases with the 
increase of DO, but increases with the increase of NO2
- (Figure 2b), accompanied by opposite 
changes in the contribution of NH2OH oxidation pathway to N2O production (Figure 2c).  
 
3.2. The performance of the single-pathway models 
The performance of the two single-pathway models for the steady-state simulations was evaluated 
based on the AOB variations under various conditions. The estimated values of AOB for the AOB 
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denitrification model and the NH2OH oxidation model under different conditions are shown in 
Figure 3.  
 
With regard to the AOB denitrification model, the following observations are made: 
 At each NO2- level, the value of AOB in the AOB denitrification model is very sensitive to 
DO concentration and increases almost linearly as DO increases from 0.05 to 5 mg O2/L in 
Figure 3a, suggesting that the AOB denitrification model would only be applicable when DO 
is constant.  
 For a constant DO in the range of 0.5 – 5 mg O2/L, the value of AOB of the AOB 
denitrification model drops rapidly as NO2
- increases from 0.05 to 1.0 mg N/L, indicating 
that the AOB denitrification model can not reproduce the two-pathway model outputs with 
any fixed AOB values in this region (constant DO in the range 0.5 – 5 mg O2/L, while nitrite 
varies in the range 0.05 – 1.0 mg NO2--N/L) (Figure 3a). However, AOB becomes almost 
independent of nitrite concentration as NO2
- further increases from 1.0 to 5.0 mg N/L (Figure 
3a) and the values of AOB are within the feasible range (below 1.0). These indicate that the 
AOB denitrification model is able to reproduce the two-pathway model outputs under these 
conditions (constant DO in the range of 0.5 – 5 mg O2/L, while nitrite varies in the range 1.0 
– 5.0 mg NO2--N/L).  
 For a constant DO below 0.5 mg O2/L, AOB is independent of the NO2- concentration and 
stays in the feasible range (close to 0) (Figure 3a). These mean that the AOB denitrification 
model can adequately describe N2O production by AOB in the DO range of 0 – 0.5 mg O2/L, 
independent of the nitrite concentration  (provided that DO remains constant).  
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With regard to the NH2OH oxidation model, the following observation is made: 
 AOB of the NH2OH oxidation model remains almost constant when DO is in the range of 1.5 
– 5.0 mg O2/L at all NO2- levels (Figure 3b). This means that the NH2OH oxidation model 
can be applied at high DO concentrations (> 1.5 mg O2/L). The AOB values are in the 
feasible range (close to 0).   
 In comparison, in the DO range of 0.05 - 1.5 mg O2/L, the value of AOB of the NH2OH 
oxidation model varies significantly to substantially with DO (Figure 3b). Further, at each 
DO level, AOB also varied with NO2- particularly in the range 0.05 to 0.5 mg N/L. This 
implies that the NH2OH oxidation model is not a suitable model under low DO conditions 
(<1.5 mg O2/L).  
 
3.3. Verification of the single-pathway models using dynamic simulation 
Four dynamic cases were designed based on the above-identified regions in order to verify the 
observations from steady-state simulations. Model evaluation results under the four different 
dynamic conditions are shown in Figure 4. In all cases, NH4
+ decreased from 20 to 0 mg N/L and 
are mostly converted to NO3
- via NO2
-. In Case 1 (Figure 4a & b), DO varies between 1.5 – 3.5 mg 
O2/L and NO2
- accumulates to around 2.5 mg N/L. The simulated N2O production by the NH2OH 
oxidation model is in good agreement with the simulation results of the two-pathway model (p > 
0.05), while the simulated N2OR from the AOB denitrification model fails to match the results from 
the two-pathway model (p < 0.05). In Case 2 (Figure 4c & d), DO varies between 0 – 1.5 mg O2/L 
and NO2
- accumulates to approximately 5 mg N/L. Neither single-pathway model is able to describe 
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N2OR profile predicted by the two-pathway model (p < 0.05). In Case 3 with constant DO of 2.0 
mg O2/L and nitrite accumulation of 2.5 mg N/L (Figure 4e & f), both of the single-pathway models 
can describe N2OR data produced by the two-pathway model (p > 0.05). In Case 4 with constant 
DO (0.2 mg O2/L) and without nitrite accumulation (below 0.5 mg N/L) (Figure 4g & h), the AOB 
denitrification model well describes the N2OR data predicted by the two-pathway model (p > 0.05), 
but a large variation between the simulation results of the NH2OH oxidation model and the two-
pathway model (p < 0.05). In summary, the AOB denitrification model could describe the 
simulation results of N2OR from the two-pathway model at constant DO of 2.0 mg O2/L with nitrite 
accumulation above 2 mg N/L and at constant DO of 0.2 mg O2/L with low nitrite accumulation 
(below 0.5 mg N/L) (Figure 4f & h), whereas it poorly captures the N2O dynamic that is stimulated 
by the change of DO concentration based on the simulations of the two-pathway model (Figure 4 b 
& d). However, the NH2OH oxidation model is able to generate the same predictions as the two-
pathway model at constant or dynamic DO above 1.5 mg O2/L (Figure 4b & f), whereas it is unable 
to predict the N2O trend of the two-pathway model when DO varied below 1.5 mg O2/L or NO2
- 
varied below 0.5 mg N/L with constant DO of 0.2 mg O2/L (Figure 4d & h). These results support 
the findings obtained from the steady-state simulation studies. 
 
4. Discussion 
In this study, a previously proposed two-pathway N2O model was used to generate N2O production 
data at different DO and NO2
- levels, which were then used to calibrate two single-pathway models 
in order to identify conditions under which a single-pathway model can reproduce the two-pathway 
model outputs. The study was aimed to provide guidance for selection of a single-pathway model 
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for practical applications, according to operational conditions. The results indicate that neither of 
the two single-pathway models are able to describe the N2O data under all the investigated 
conditions, which is consistent with the studies by Ni et al. [14] and Spérandio et al. [22], where 
single-pathway models were compared with short-term and long-term process data. However, this 
study revealed specific conditions under which the two single-pathway models can be used to 
replace the two-pathway model. These conditions are as depicted in Figure 5 and summarized as 
follows:  
(4) For the AOB denitrification model to be used, it is critical that the DO concentration in the 
system is well controlled at a constant level, which could be the case in many wastewater 
treatment reactors. It can be applied either at low DO concentration (< ~ 0.5 mg O2/L) with 
any investigated NO2
- concentration (0 – 5.0 mg N/L) or at higher DO (≥ ~ 0.5 mg O2/L) 
with significant NO2
- accumulation (≥ ~ 1.0 mg N/L);  
(5) The NH2OH oxidation model can be applied under high DO conditions (≥ ~ 1.5 mg O2/L), 
controlled or varying, with any NO2
- concentration investigated (0 – 5.0 mg N/L);  
(6) Under other conditions, the two-pathway model should be applied. 
 
One set of parameter values for the two-pathway model was used in this study to generate the N2O 
data for the calibration of the two-single pathway models.  It is recognized that the parameter values 
for the two-pathway model may vary between plants and with environmental conditions. To 
evaluate the impact of several key parameters governing N2O production by the two-pathway model 
(rNO2,red, rNO,red, and rO2,red) on the calibrated values of AOB for each of the two single-pathway 
models (Figure 3) as well as the proposed applicable zones of these models (Figure 5), we 
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performed sensitivity analysis by varying these three parameters by ±50%. In all cases, the changes 
in the calibrated AOB value were below 10%. Consequently, the applicable regions as depicted in 
Figure 5 were insensitive to these variations. 
 
In this study, both of the selected DO and NO2
- ranges are representative for a domestic wastewater 
treatment. However, the nitrite level could be as high as 500 mg N/L when treating anaerobic 
digester liquor. NO2
- concentration of over 50 mg N/L would exert an inhibitory effect on N2O 
production by AOB in a nitritation system treating anaerobic sludge digestion liquor [23]. NO2
- 
concentration exceeding 500 mg N/L has been reported to completely suppress the AOB 
denitrification pathway [16]. This, along with the relatively low pH in a partial nitritation system, 
results in relatively high free nitrous acid (FNA) concentration. In such cases, the AOB 
denitrification model would be not suitable for predicting N2O production, while the NH2OH 
oxidation model has been demonstrated to generate better predictions of N2O production against 
experimental data [14]. Other factors such as temperature and C/N ratio may also influence N2O 
production in a WWTP. Since there is no evidence showing that temperature would affect the two 
N2O production pathways differently, it is unlikely that the applicable region would change as the 
temperature varies. The temperature dependent kinetics (e.g. exponential expressions in ASM 
models) could though be easily included to capture the overall N2O dynamics caused by variation of 
temperatures. The proposed applicable region of this work in terms of DO and nitrite were mainly 
for the N2O production by AOB, which wouldn’t be affected by dynamic C/N due to the fact that 
the variation of C/N ratio is primarily linked to N2O production by heterotrophic denitrifiers. 
Through integrating heterotrophic denitrification processes (e.g., Pan et al., [24]) into N2O models 
of AOB, the effect of C/N ratio on the overall N2O production in WWTP could be predicted in 
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practical implication. It should be noted that the N2O emissions from full-scale WWTPs, especially 
those with intermittent aeration systems, are not necessarily identical to the biological N2O 
production due to the physical process of liquid-gas mass transfer in a WWTP. For full-scale 
modeling, the mass transfer process should be taken into account, together with the biological 
processes, to accurately describe both liquid-phase N2O accumulation and gas-phase N2O 
emissions. The identified region would still be valid as long as the mass transfer coefficient is 
determined correctly. 
 
Our findings are indeed supported by some of the previous modeling studies predicting N2O 
production under different conditions using the single-pathway models. Spérandio et al. [22] found 
that the AOB denitrification model managed to predict long-term N2O data from a full-scale 
sequencing batch reactor (SBR) in the aerobic phase with DO controlled around 4.0 mg O2/L and 
nitrite accumulation up to 50 mg N/L, while it failed to describe N2O data from other two 
wastewater treatment plants (WWTPs) with dynamic DO between 1.5 and 8.0 mg O2/L and without 
or with minor nitrite accumulation (below 0.5 mg N/L). In comparison, satisfactory predictions 
were achieved by using the NH2OH oxidation model to describe N2O emission from these two full-
scale WWTPs, whereas this model was unable to predict N2O emission from the SBR. Ni et al., 
[15] successfully used the NH2OH oxidation model to describe N2O emission from two full-scale 
WWTPs with operational conditions of high DO (over 1.5 mg O2/L) and low NO2
- accumulation 
(below 1.0 mg N/L), while the AOB denitrification model could not predict the N2O emission from 
either of the WWTPs. Ni et al. [14] compared the AOB denitrification model and the NH2OH 
oxidation model based on five individual nitritation batch experiments with controlled DO at 0.5, 
1.0, 1.5, 2.0, and 2.5 mg O2/L, respectively, with nitrite accumulation above 10 mg N/L. The AOB 
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denitrification model was found to be able to generate good description of the experimental data, 
however, the NH2OH oxidation model failed to describe the N2O data. 
 
Both the AOB dentirification and NH2OH oxidation pathways contribute to N2O production, with 
DO and NO2
- playing pivotal roles in affecting their relative importance (Figure 2 b& c). While a 
single-pathway model may be able to describe the N2O data under certain conditions, this does not 
necessarily mean that only a single-pathway is functional in the system. As demonstrated in this 
work, under certain conditions a single-pathway model can well describe the N2O data from the 
two-pathway model: 
(1) In some cases, for example, at constant DO level of 0.1 mg O2/L and NO2- level of 1.0 mg 
N/L, the contribution of the AOB denitrification pathway (approximately 90%) is dominant 
over the NH2OH oxidation pathway (approximately 10%) (Figure 2b & c). For such cases, 
the N2O data from the two-pathway model could thus be easily described by the AOB 
denitrification model by slightly changing AOB.  
(2) In some other cases a single-pathway model is still able to describe the N2O data generated 
by the two-pathway model even though the two pathways make comparable contributions to 
N2O production. For example, in the case of constant DO at 3.0 mg O2/L with NO2
- 
accumulation at 1.0 mg N/L, the AOB denitrification and NH2OH oxidation pathways 
contribute approximately 70% and 30%, respectively, to the N2O production according to 
the two-pathway model (Figure 2b & c). Nevertheless, the overall N2O production could be 
described by either single-pathway model through calibrating of AOB (Figure 3). In such 
cases, the single-pathway models may incorporate the contribution of the N2O pathway that 
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is excluded from the model structure through calibration of ηAOB. As revealed in this study, 
this is unfortunately not always the case (Figure 5). 
 
Mathematical modeling of N2O production provides an opportunity to fully understand the 
environmental effect of WWTPs and to optimize the design and operation of biological nitrogen 
removal processes with N2O production as an important consideration. The two-pathway model, 
incorporating both the AOB denitrification and NH2OH oxidation pathways, has the potential to 
describe all the N2O data from WWTPs with different operational conditions, but may require more 
efforts for model calibration. In contrast, the two single-pathway models would be useful for 
prediction of N2O emission from full-scale WWTPs under specific conditions (as demonstrated in 
this work) due to their less structural complexities (only one pathway included) with fewer 
parameters to be calibrated. The information of this study provides a theoretical guidance, for the 
first time, on how to use the AOB denitrification model and the NH2OH oxidation model under 
various DO and NO2
- conditions in order to simplify the complexity of calibrating mathematical 
model when applying it to real WWTP. The identified applicable region of this work may not have 
a universal suitability for all of the N2O models developed to date. However, the methodology used 
in this study could be extrapolated to the assessment of other model structures. More data from full-
scale WWTP with varying DO and nitrite conditions is required to validate the applicable region. 
 
5. Conclusions 
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This study tested the predictive ability of two single-pathway models based on the AOB 
denitrification pathway and the NH2OH oxidation pathway, respectively, to describe the N2O data 
generated by a two-pathway model. The main conclusions are: 
 For the AOB denitrification model to be used, it is critical that the DO concentration in the 
system is well controlled at a constant level, which could be the case in many wastewater 
treatment reactors. It can be applied either at low DO concentration (<0.5 mg O2/L) with any 
investigated NO2
- concentration (0 – 5 mg N/L) or at high DO (≥ 0.5 mg O2/L) with 
significant NO2
- accumulation (≥ 1.0 mg N/L).  
 The NH2OH oxidation model can be applied under high DO conditions (≥ 1.5 mg O2/L), 
controlled or varying, with any NO2
- concentration investigated (0 – 5.0 mg N/L).  
 Under other conditions, the two-pathway model should be applied. 
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FIGURE LEGENDS 
 
Figure 1. Reaction schemes in the three N2O models evaluated in this study. 
 
Figure 2. Model predicted N2O production and contribution of each of the two N2O 
pathways by the two-pathway model under different DO and NO2
- 
concentrations. 
 
Figure 3. Estimation results of AOB of two single-pathway models under various DO 
and NO2
- concentrations. 
 
Figure 4. Model evaluation results under four different conditions: 1) a & b, p1<0.05, 
p2>0.05; 2) c & d, p1<0.05, p2<0.05; 3) e & f, p1>0.05, p2>0.05; 4) g & h, 
p1>0.05, p2<0.05 (p1 refers to the p-value of ANOVA comparing N2OR 
from the two-pathway model to N2OR from the AOB denitrification 
model; p2 refers to the p-value of ANOVA comparing N2OR from the two-
pathway model to N2OR from the NH2OH oxidation model). 
 
Figure 5. Summary of applicable regions for the AOB denitrification model, the 
NH2OH oxidation model and the two-pathway model under various DO 
and NO2
- concentrations. 
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Figure 1. Reaction schemes in the three N2O models evaluated in this study. 
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Figure 2. Model predicted N2O production and contribution of each of the two N2O 
pathways by the two-pathway model under different DO and NO2
- concentrations. 
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Figure 3. Estimation results of AOB of two single-pathway models under various DO 
and NO2
- concentrations. 
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Figure 4: Model evaluation results under four different conditions: 1) a & b, p1<0.05, 
p2>0.05; 2) c & d, p1<0.05, p2<0.05; 3) e & f, p1>0.05, p2>0.05; 4) g & h, p1>0.05, 
p2<0.05 (p1 refers to the p-value of ANOVA comparing N2OR from the two-pathway 
model to N2OR from the AOB denitrification model; p2 refers to the p-value of 
ANOVA comparing N2OR from the two-pathway model to N2OR from the NH2OH 
oxidation model). 
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Figure 5: Summary of applicable regions for the AOB denitrification model, the 
NH2OH oxidation model and the two-pathway model under various DO and NO2
- 
concentration.
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Table S1. Process matrices for the three N2O production models evaluated in this study. 
 
 
Process 
Model components 
 
Kinetic rate expressions 
SO2 SNH4 SNH2OH SNO2 SNO SN2O XAOB  
AOB Denitrification Model (Ni et al., 2013a) 
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S
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S
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NH2OH Oxidation Model (Ni et al., 2013b) 
1 -1.14 -1 1       AOB
NH
AOB
NH
NH
O
AOB
OS
OAMO
AOB X
SK
S
SK
S
44
4
22,1
2

  
 188 
 
2 -
1.71-YAOB
YAOB
 -i
N ,AOB
 
AOBY
1
   
AOBY
1
  1   mAOB,1
HAO SO2
KS2,O2
AOB + SO2
SNH 2OH
KNH 2OH
AOB +SNH 2OH
XAOB
 
3 
-0.57
 
  
1
 
-1
 
    mAOB,2
HAO SO2
KS2,O2
AOB +SO2
SNO
KNO
AOB +SNO
XAOB
 
4   -1 1 -4 4    mAOB,1
HAO hAOB
SNO
KNO
AOB + SNO
SNH 2OH
KNH 2OH
AOB +SNH 2OH
XAOB  
Variable 
Process 
SO2 SNH3
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Kinetic rate expressions 
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3-R3    1 -1  -1/2 1/2 
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Table S2. Kinetic and stoichiometric parameters of the three N2O models 
Parameter Definition Values Unit Source 
AOB Denitrificaion Model 
YAOB yield coefficient for AOB 0.150 g COD g
-1 N 
Ni et al. 
(2013a) 
iN,AOB 
nitrogen content of biomass 0.07 g N g-1 COD Ni et al. 
(2013a) 
AMO
AOB  maximum AMO reaction rate of AOB 0.2065 h
-1 
Ni et al. 
(2014) 
HAO
AOB  maximum HAO reaction rate of AOB 0.0338 h
-1 
Ni et al. 
(2014) 
ηAOB anoxic reduction factor for AOB variable — estimated 
K
S1,O2
AOB
 SO2 affinity constant for SNH4 oxidation 0.61 g DO m
-3 
Ni et al. 
(2014) 
K
S2,O2
AOB
 
SO2 affinity constant for SNH2OH 
oxidation 
0.6 g DO m-3 
Ni et al. 
(2013a) 
AOB
OIK 2,  SO2 substrate inhibition parameter 0.112 g DO m
-3 
Ni et al. 
(2013a) 
4
AOB
NHK  SNH4 affinity constant for AOB 2.4 g N m
-3 
Ni et al. 
(2013a) 
2
AOB
NH OHK  SNH2OH affinity constant for AOB 2.4 g N m
-3 
Ni et al. 
(2013a) 
AOB
NOK  SNO affinity constant for AOB 0.0084 g N m
-3 Ni et al. 
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(2013a) 
AOB
NOK 2  SNO2 affinity constant for AOB 0.14 g N m
-3 
Ni et al. 
(2013a) 
 
    
NH2OH Oxidation Model 
YAOB 
yield coefficient for AOB 0.150 g COD g-1 N 
Ni et al. 
(2013b) 
iN_AOB 
nitrogen content of biomass 0.07 g N g-1 COD Ni et al. 
(2013b) 
AMO
AOB  maximum AMO reaction rate of AOB 0.2065 h
-1 
Ni et al. 
(2014) 
m
AOB,1
HAO
 
maximum HAO reaction rate of AOB 0.0338 h-1 
Ni et al. 
(2014) 
m
AOB,2
HAO
 
maximum HAO reaction rate of AOB 0.2253 h-1 
Ni et al. 
(2014) 
ηAOB 
anoxic reduction factor for AOB variable — estimated 
K
S1,O2
AOB
 SO2 affinity constant for SNH4 oxidation 0.61 g DO m
-3 
Ni et al. 
(2014) 
K
S2,O2
AOB
 
SO2 affinity constant for SNH2OH 
oxidation 
0.073 g DO m-3 
Ni et al. 
(2013b) 
4
AOB
NHK  
SNH4 affinity constant for AOB 2.4 g N m
-3 
Ni et al. 
(2013b) 
2
AOB
NH OHK  
SNH2OH affinity constant for AOB 2.4 g N m
-3 
Ni et al. 
(2013b) 
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AOB
NOK  
SNO affinity constant for AOB 0.0084 g N m
-3 
Ni et al. 
(2013b) 
AOB
NOK 2  
SNO2 affinity constant for AOB 0.14 g N m
-3 
Ni et al. 
(2013b) 
 
Two-pathway Model 
oxNHr ,3  
Maximum ammonia oxidation rate  14.75 
mmol/(g-
VSS*h) 
Ni et al. 
(2014) 
oxOHNHr ,2  
Maximum NH2OH oxidation rate 22.86 
mmol/(g-
VSS*h) 
Ni et al. 
(2014) 
oxNOr ,  
Maximum NO oxidation rate 22.86 
mmol/(g-
VSS*h) 
Ni et al. 
(2014) 
redOr ,2  
Maximum oxygen reduction rate 48.02 
mmol/(g-
VSS*h) 
Ni et al. 
(2014) 
redNOr ,2  
Maximum nitrite reduction rate 3.06 
mmol/(g-
VSS*h) 
Ni et al. 
(2014) 
redNOr ,  
Maximum NO reduction rate 1.6×10-2 
mmol/(g-
VSS*h) 
Ni et al. 
(2014) 
3,2 NHOK  
Oxygen affinity constant for ammonia 
oxidation 
1.9×10-2 mmol-O2/L 
Ni et al. 
(2014) 
3NHK  
Ammonia affinity constant for 
ammonia oxidation 
1.7×10-1 mmol-N/L 
Ni et al. 
(2014) 
OHNHK 2  
NH2OH affinity constant for NH2OH 
oxidation 
5×10-2 mmol-N/L 
Ni et al. 
(2014) 
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oxNOK ,  
NO affinity constant for NO oxidation 6×10-4 mmol-N/L 
Ni et al. 
(2014) 
redOK ,2  
Oxygen affinity constant for oxygen 
reduction 
1.9×10-3 mmol-O2/L 
Ni et al. 
(2014) 
2NOK  
Nitrite affinity constant for nitrite 
reduction 
1×10-2 mmol-N/L 
Ni et al. 
(2014) 
redNOK ,  
NO affinity constant for NO reduction 6×10-4 mmol-N/L 
Ni et al. 
(2014) 
MoxK  
SMox affinity constant for NH2OH and 
NO oxidation 
1×10-2 mmol/g-VSS 
Ni et al. 
(2014) 
1,MredK  
SMred affinity constant for ammonia 
oxidation 
1×10-3×Ctot mmol/g-VSS 
Ni et al. 
(2014) 
2,MredK  
SMred affinity constant for NO 
reduction  
1×10-3×Ctot mmol/g-VSS 
Ni et al. 
(2014) 
3,MredK  
SMred affinity constant for oxygen 
reduction  
6.9×10-2 mmol/g-VSS 
Ni et al. 
(2014) 
4,MredK  
SMred affinity constant for nitrite 
reduction 
1.9×10-1 mmol/g-VSS 
Ni et al. 
(2014) 
totC  
The sum of SMred and SMox, which is a 
constant 
1×10-2 mmol/g-VSS 
Ni et al. 
(2014) 
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Abstract 
Several mathematical models have been proposed to describe nitrous oxide (N2O) production by 
ammonia oxidizing bacteria (AOB) under varying operational conditions. However, none of these 
N2O models are able to capture N2O dynamics caused by the variation of inorganic carbon (IC) 
concentration, which has recently been demonstrated to be a significant factor influencing N2O 
production by AOB. In this work, a mathematical model that describes the effect of IC on N2O 
production by AOB is developed and experimentally validated. The IC effect is considered by 
explicitly including the AOB anabolic process in the model, which is coupled to the catabolic 
process with the use of the Adenosine triphosphate (ATP) and Adenosine diphosphate (ADP) pools. 
The calibration and validation of the model were conducted using experimental data obtained with 
two independent cultures, including a full nitrification culture and a partial nitritation culture. The 
model satisfactorily describes the N2O data from both systems at varying IC concentrations. This 
new model enhances our ability to predict N2O production by AOB in wastewater treatment 
systems under varying IC conditions. 
 
Keywords: Nitrous oxide; Ammonia oxidizing bacteria; Inorganic carbon; Mathematical model; 
Anabolic and catabolic process; ATP and ADP pools 
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1. Introduction 
The emission of nitrous oxide (N2O) from wastewater treatment is environmentally hazardous 
owing to its strong global warming potential and its capacity to deplete the stratospheric ozone layer 
(IPCC, 2013; Ravishankara et al., 2009). Ammonia oxidizing bacteria (AOB) have been recognized 
as the main contributor to N2O production in wastewater treatment plants (Kampschreur et al., 
2007; Yu et al., 2010). N2O production by AOB is attributed to two different pathways: (i) the 
reduction of nitrite (NO2
-) to N2O via nitric oxide (NO), catalyzed by a copper-containing NO2
- 
reductase (NirK) and a haem-copper NO reductase (Nor), which is known as nitrifier or AOB 
denitrification (Kim et al., 2010; Chandran et al., 2011) and (ii) N2O as a side product during 
incomplete oxidation of hydroxylamine (NH2OH) to NO2
- (Chandran et al., 2011; Stein, 2011; Law 
et al., 2012a). The oxidation of NH2OH to NO2
- involves nitrosyl radical (NOH) or NO as the 
intermediates, which can be converted to N2O either chemically or biologically (Anderson, 1964; 
Hooper, 1968; Stein et al., 2007; Chandran et al., 2011). 
Previous studies have clearly shown that operational conditions, such as the dissolved oxygen 
(DO) and NO2
- concentrations, the ammonium (NH4
+) loading rate, and the pH level, have an 
significant effect on N2O production by AOB, resulting in large variations of N2O emissions from 
different wastewater treatment plants (WWTPs) and within one WWTP (Kampschreur et al., 2009; 
Law et al., 2012b; Peng et al., 2014; Peng et al., 2015a). The current N2O accounting guideline 
proposed by the United Nation’s Intergovernmental Panel on Climate Change (IPCC) relies on an 
overly simplified model with fixed emission factors, which does not account for the site-specificity 
of N2O emission nor its temporal variations caused by the dynamic operational conditions in a 
WWTP (Corominas et al., 2012; Ni et al., 2013a). Mathematical models based on N2O production 
mechanisms that consider the effects of operational conditions provide a more suitable method for 
estimating N2O production in a WWTP (Ni et al., 2013b). 
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Several mathematical models have been proposed to date to describe N2O production by AOB. 
The reported single-pathway N2O models based on either of the two known pathways have been 
shown to be able to predict N2O emission from WWTPs under certain DO and NO2
- conditions (Ni 
et al., 2013a; Spérandio et al., 2014). A previously proposed two-pathway N2O model incorporating 
both the AOB denitrification and NH2OH oxidation pathways has been demonstrated to be 
applicable to various cultures under different DO and NO2
- conditions (Ni et al., 2014). 
However, in addition to DO and NO2
- concentrations, inorganic carbon (IC) has been 
demonstrated recently to be another significant factor influencing N2O production by AOB (Peng et 
al., 2015b; Jiang et al., 2015). Through conducting experiments with carbon dioxide (CO2) 
gradually stripped and experiments with IC controlled at different levels, Peng et al. (2015b) 
demonstrated a linear dependency of N2O production by AOB on IC concentrations in the range of 
0.4 – 12.4 mmol C/L. These results were observed with two cultures namely a fully nitrifying 
culture (ammonium converted to nitrate) and a nitritation culture (ammonium partially converted to 
nitrite). As the IC concentration varies spatially and temporally within a WWTP caused by the 
variations in the IC concentration in wastewater and the biological reactions occurring (Henze et al., 
2002), the previously proposed N2O models (Ni et al., 2011a; Law et al., 2012a; Ni et al., 2013b; 
Mampaey et al., 2013; Guo and Vanrolleghem, 2014; Ni et al., 2014), which did not consider the 
effect of IC, would be unable to predict N2O emission dynamics caused by the IC variations during 
wastewater treatment.  
CO2, as the carbon source for cell synthesis, plays a central role in the AOB metabolism 
(Hagopian and Riley, 1998). AOB fix CO2 via the Calvin-Benson-Bassham (CBB) cycle for 
growth, utilizing the energy and reducing power acquired from ammonia oxidation (Arp and Stein, 
2003). In the widely applied IWA (International Water Association) Activated Sludge Models 
(ASMs), the catabolic and anabolic processes of nitrifiers are coupled in one reaction (Henze et al., 
2000). The effect of IC on AOB (and nitrite-oxidizing bacteria – NOB) metabolism is not included 
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in these models. Wett and Rauch (2003) expanded the ASMs by taking into account the IC 
limitation on the nitrification activity, which was described by a sigmoidal kinetic expression. 
However, this modeling approach would not allow the impact of IC on N2O production by AOB to 
be described.  
In this work, we aim to develop a new mathematical model to capture the N2O dynamics under 
varying IC (or CO2) conditions. This is done by explicitly incorporating both the anabolic and 
catabolic processes in the model, with the two processes coupled through electron and energy 
balances. The model is calibrated and validated with experimental data obtained with two nitrifying 
cultures and under varying IC conditions.  
 
2. Model development  
An integrated N2O model incorporating the two key N2O production pathways of AOB, i.e., the 
AOB denitrification pathway and the NH2OH oxidation pathway, has been established recently (Ni 
et al., 2014). In this model, Mred (reduced mediator) and Mox (oxidized mediator), defined as the 
reduced and oxidized forms of electron carriers, respectively, were introduced in the biochemical 
reactions to model the electron transfer from oxidation to reduction. The model has been 
demonstrated to be able to describe N2O production under varying DO and nitrite conditions in 
different nitrifying systems, as well as the contributions by each of the production pathways (Ni et 
al., 2014). 
The above model is enhanced in this work by including the energy balance and the anabolic 
process (Figure 1), with Adenosine triphosphate (ATP)/Adenosine diphosphate (ADP) introduced 
as new state variables to link the energy generation and consumption processes. In addition to the 
reactions described in Ni et al. (2014) (see also Table 1), the following biochemical reactions 
leading to the production (due to proton translocation) or consumption of ATP are introduced:  
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Reaction 1: Proton translocation during NH3 oxidation to NH2OH  
𝑁𝐻3 + 𝑂2 + 𝑀𝑟𝑒𝑑 + 2𝐻𝑖𝑛
+ → 𝑁𝐻2𝑂𝐻 + 𝐻2𝑂 + 𝑀𝑜𝑥 + 2𝐻𝑜𝑢𝑡
+              (1) 
In this reaction, NH3 is oxidized to NH2OH by AOB with the consumption of O2 as a substrate 
and the oxidation of reduced electron carriers. This reaction also involves the translocation of two 
moles of protons per mole of NH3 oxidized through the membrane.  
Reaction 2: Proton translocation during O2 reduction 
1
2
𝑂2 + 𝑀𝑟𝑒𝑑 + 𝐻𝑖𝑛
+ → 𝐻2𝑂 + 𝑀𝑜𝑥 + 𝐻𝑜𝑢𝑡
+                              (2) 
In this reaction, electron carriers are oxidized with oxygen being the terminal electron acceptor. 
According to Poughon et al. (2001), the reduction of half a mole of oxygen would result in the 
translocation of one mole protons through membrane.  
Reaction 3: Proton translocation during NO2- reduction 
𝑁𝑂2
− + 𝑀𝑟𝑒𝑑 + 𝐻𝑖𝑛
+ →
1
2
𝑁2𝑂 + 𝑀𝑜𝑥 + 𝐻2𝑂 + 𝐻𝑜𝑢𝑡
+                      (3) 
NO2
- could also be the terminal electron acceptor with N2O as the final product of NO2
- 
reduction. Currently, it is unclear whether this process yields energy. However, we have included 
proton translocation in this reaction for completeness. In the absence of an established energy yield 
for this reaction, the stoichiometry of proton in this reaction is assumed to be the same as in 
Reaction 2, where oxygen is the terminal electron acceptor. However, as will be shown in the 
Results section, a change of the energy yield in this reaction (even to 0) would not significantly 
affect the overall ATP/ADP balance or the N2O production. 
Reaction 4: ATP production from proton gradient 
 𝐴𝐷𝑃 + 𝑃𝑖 + 3𝐻𝑜𝑢𝑡
+ → 𝐴𝑇𝑃 + 𝐻2𝑂 + 3𝐻𝑖𝑛
+                             (4) 
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It is known that ATP synthesis is attributed to proton gradient through the membrane. The 
above reaction introduced ATP generating process based on the stoichiometric ratio of one ATP per 
3H+ translocated (Poughon et al., 2001; Nicholls and Ferguson, 2013).  
Reaction 5: ATP consumption for AOB growth and maintenance 
𝐶𝑂2 + 2𝑀𝑟𝑒𝑑 + 15𝐴𝑇𝑃 → 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 2𝑀𝑜𝑥 + 15𝐴𝐷𝑃 + 15𝑃𝑖           (5) 
Both electron carriers (Mred) and ATP are required for carbon assimilation (Hagopian and 
Riley, 1998). It is widely accepted that AOB consumes energy not only for growth but also for 
maintenance (e.g. active transport, futile cycles and energy dissipation by proton leak) (Poughon et 
al., 2001; Vadivelu et al., 2006). In Reaction 5, the ATP consumption by AOB for maintenance is 
lumped into the carbon assimilation process. Based on the commonly reported biomass yield of 
0.15 g COD/g N for AOB (Wiesmann, 1994), it is calculated that 15 moles of ATP is required per 
mole of CO2 assimilated.  
Consistent with the modeling of electron carriers (Ni et al., 2014), we assume that the sum of 
ATP and ADP remains constant (SATP + SADP = Ctot,2). Such an approach has previously been used 
for the modeling of biological processes (Zeng et al., 2003). 
The biochemical reactions involved in the catabolic and anabolic processes of AOB are 
presented in Figure 1. The kinetics and stoichiometry of the above model are summarized in Table 
1, along with the reactions considered in the model of Ni et al. (2014). The ATP yield (Reaction 4) 
and proton translocations (Reaction 1, 2, and 3) have been lumped into the biochemical reactions in 
the developed model (Figure 1 and Table 1). It should be noted that the ATP generation process in 
the model matrix represents a modeling concept and method, which may not necessarily and 
completely reflect the complex biochemistry in reality. The definitions, values, and units of all 
parameters used in the developed model are shown in Table S1 in the Supporting Information. 
Kinetic control of all the enzymatic reaction rates is described by the Michaelis−Menten equation. 
The rate of each reaction is modeled by an explicit function of the concentrations of all substrates 
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involved in the reaction, as described in detail in Table 1. The reduction of NO to N2O is modeled 
as a first order reaction, in line with Law et al. (2012a). This choice will be further discussed.  
 
3. Materials and methods  
3.1. Experimental data for model evaluation  
Experimental data of N2O dynamics under varying IC conditions obtained from two highly 
different cultures (full nitrification and partial nitritation) previously reported in Peng et al. (2015b) 
and Law et al. (2011) are used for the model evaluation. The operational conditions of each system 
are briefly summarized as below:  
Full Nitrification System. Peng et al. (2015b) operated a lab-scale sequencing batch reactor 
(SBR) with a working volume of 8 L. The SBR was fed with 1 g N/L ammonium with the aim to 
obtain an enriched culture of AOB and NOB. The hydraulic retention time (HRT) and the solids 
retention time (SRT) were 24 hr and 15 days, respectively. pH in the reactor was measured with 
miniCHEM-pH meters and controlled at 7.5 by dosing 1 M NaHCO3. DO in the reactor was 
controlled between 2.5 and 3.0 mg O2/L using an on/off airflow controller.  
Two sets of batch experiments were conducted with this culture in a 1.3-L batch reactor at 
different IC levels: (1) CO2 stripping tests: CO2 in the batch reactor was continuously stripped out 
with the aeration system, with the gas phase CO2 concentration continuously monitored using the 
online gas analyser (to be further described below); and (2) Constant IC tests: six batch tests were 
carried out with the IC concentration maintained at 0, 2, 4, 6, 9, and 12 mmol C/L, respectively, 
through the manual addition of bicarbonate. pH in all tests was automatically controlled at 7.5 by 
dosing 0.1 M NaOH or 0.1 M HCl. DO concentrations in all tests were manually controlled at 2.5 
mg O2/L by varying the ratio between the N2 and air gas streams with the total gas flow rate 
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maintained at 0.5 L/min. The NH4
+ concentration in all tests was controlled at constant level of 
around 20 mg N/L using the method developed by Peng et al. (2014). 
During each test (in both sets), mixed liquor samples were taken every 15 min for NH4
+, NO2
-, 
NO3
- and IC analyses. A 50 mL mixed liquor sample was taken at the end of each test to determine 
the mixed liquor suspended solids (MLSS) concentration and its volatile fraction (MLVSS). N2O 
and CO2 concentrations in the off-gas were measured with a URAS 26 infrared photometer 
(Advance Optima Continuous Gas Analyser AO2020 series, ABB), with a measuring range of 0 – 
100 ppmv and a detection limit of 1.0 ppmv for N2O and with a measuring range of 0 – 5 % and a 
detection limit of 0.01 % for CO2. Data were logged every 30 sec. Biomass specific ammonia 
oxidation rate (AORsp) and biomass specific N2O production rate (N2ORsp) were determined for 
each batch test, as described in Peng et al. (2015b), and used for model calibration. 
Partial Nitritation System. Law et al. (2011) operated a lab-scale SBR of 8 L to selectively 
grow AOB for partial nitritation. The reactor was fed with synthetic wastewater mimicking 
anaerobic sludge digester liquor (containing 1 g N/L ammonium) and operated in identical cycles of 
6 hr. The HRT and SRT were 24 hr and 20 days, respectively. During the feeding and aerobic 
reaction phases, DO of the SBR reactor was controlled between 0.5 and 0.8 mg O2/L. pH of the 
reactor mixed liquor increased to 7.4 ± 0.1 after feeding and dropped to approximately 6.4 when 
ammonium oxidation proceeded, after which 1 M NaHCO3 was added to automatically control pH 
at 6.4 ± 0.05 to ensure that pH did not decrease further. 
Cycle studies were conducted using the SBR reactor. pH and DO in the reactor were 
continuously monitored online. N2O and CO2 concentrations in the off-gas were measured with a 
URAS 26 infrared photometer (as described above). The mixed liquor samples were taken every 30 
min for NH4
+, NO3
-, and NO2
- measurement. MLVSS concentration was measured at the end of the 
cycle. The IC concentrations were calculated based on the measured CO2 concentration in gas phase 
and pH of the mixed liquor according to Yuan et al. (2006) (Details refer to Peng et al. (2015b)). 
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The N2O production rate (N2OR) was calculated by multiplying the measured gas phase N2O 
concentration and the known gas flow rate (2.5 L/min). The biomass-specific (N2ORsp) was 
calculated as described in Peng et al. (2015b).  
 
3.2. Model calibration, uncertainty analysis and model validation  
The new N2O model contains 24 stoichiometric and kinetic parameters, as summarized in Table 
S1 (SI). Sixteen of these parameters are well established in previous studies. Thus, literature values 
are directly adopted for these parameters (SI Table S1). Since only about 4% of the electrons are 
transported for carbon fixation and biomass growth based on the typical biomass yield for AOB 
(0.15 g COD/g N) (Ni et al., 2011b; Ni et al., 2013b; Ni et al., 2013a; Mampaey et al., 2013), 
KMred,4 (Mred affinity constant responsible for cell growth) is assumed to have a very small value of 
0.1% of Ctot (the sum of Mred and Mox, which is a constant) to ensure the non-limiting electrons for 
cell growth. A two-step procedure is applied to calibrate the remaining seven model parameters. In 
the first step, the three parameters (rCO2, KATP and KADP), which are unique to the proposed model 
and associated with the ammonia oxidation process, are calibrated using AORsp data from the 
experiments (SI Table S1). The remaining four parameters (rNO,red, , KMox, KMred,2 and KMred,3), 
which are the key parameters governing the N2O production via the two pathways, are then 
calibrated using the N2ORsp data from experiments (SI Table S1) in the second step. During model 
evaluation using data from the partial nitritation system, a Haldane-type kinetics ((SNO2−)/(KNO2− + 
SNO2− +((SNO2−)
2/KI,NO2−))) is applied to describe the NO2
- reduction process (Process 6 in Table 1), 
as used in Ni et al. (2014). Parameter values are estimated by minimizing the sum of squares of the 
deviations between the measured data and the model predictions for all the three batch tests. 
Parameter estimation and parameter uncertainty evaluation are done according to Batstone et al. 
(2003) with a 95% confidence level for significance testing and parameter uncertainty analysis. The 
standard errors and 95% confidence intervals of individual parameter estimates are calculated from 
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the mean square fitting errors and the sensitivity of the model to the parameters. The determined F-
values are used for parameter combinations and degrees of freedom in all cases. A modified version 
of AQUASIM 2.1d is used to determine the parameter surfaces (Ge et al., 2010).  
The experimental data from the batch tests with IC controlled at different levels (Full 
Nitrification System) are used to validate the model with the calibrated model parameters. The 
ammonium concentrations for all the simulations of Nitrification System are set at a constant level 
of 1.43 mmol/L according to the experimental condition. To further verify the validity and 
applicability of the model, we also applied the model to evaluate the N2O data from Partial 
Nitritation System with three of the parameters recalibrated (details refer to Table S1).  
 
4. Results  
4.1. Model calibration  
The calibration of the N2O model involved optimizing key parameter values for the ammonia 
oxidation and N2O production by fitting simulation results to CO2-stripping batch test data. The 
experimentally observed and model predicted data of IC, gas-phase CO2 and N2ORsp are shown in 
Figure 2. Both IC and gas-phase CO2 decreased overtime due to continuous aeration-induced 
stripping, resulting in the continuous decrease of N2ORsp. The established model can well capture 
all the decreasing trends of liquid phase IC, gas phase CO2 and gas phase N2O data. The good 
agreement between these simulated and measured N2O data under dynamic IC conditions supports 
that the developed model properly captures the relationships between the N2O dynamics and IC 
levels for the Full Nitrification System. The model predicted that N2O production from both the 
AOB denitrification and the NH2OH oxidation pathways decreased as IC decreased with the AOB 
denitrification pathway being dominant in most cases (Figure 2). 
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The calibrated parameter values giving the optimum fit are listed in Table S1. The obtained 
values of N2O-related parameters (rNO,red, KMox, KMred,2 and KMred,3) are comparable to values in the 
literature (Ni et al., 2014). The estimated value of KADP represents the affinity of membrane-bound 
enzyme ATP synthase, which synthesizes ATP driven by electrochemical gradient of protons (Futai 
et al., 1989; Nicholls and Ferguson, 2013). The estimated value of KATP represents the affinity of 
membrane-bound enzyme ATPase that catalyzes the decomposition of ATP into ADP and a free 
phosphate ion, accompanied by energy release (Nicholls and Ferguson, 2013). These two 
parameters are newly obtained in this work.  
Parameter uncertainty analysis of a model structure is important as it informs which parameter 
combinations can be estimated with the given measured data. The parameter correlation matrix 
obtained from model calibration indicates most of the parameter combinations have weak 
correlation, except for six of them with correlation coefficients greater than 0.8. Thus, these six 
parameter combinations were further analyzed to evaluate the uncertainty associated with their 
estimates. The 95% confidence regions for all the six parameter pairs are bound by small ellipsoids 
having mean values for the parameter estimates approximately at the center, indicating good 
identifiability of these estimated parameters (Figure S3). The 95% confidence intervals for all the 
single parameters are also small, which are generally within 10% of the estimated values (Figure 
S3). These results indicate that these parameters have a high-level of identifiability and the 
estimated values are reliable. 
 
4.2. Model validation  
Model validation was based on the comparison between the model predictions (using 
parameters shown Table S1) and the experimental data from other batch tests of the Full 
Nitrification System (not used for model calibration). The model was evaluated with all the six 
individual batch tests with IC controlled at different levels. Figure S1 shows an example of the 
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simulation results of one batch test at an IC concentration of 4.1 mmol C/L. The model predictions 
and the experimental results in all batch tests with controlled IC are summarized in Figures 3a-c. 
The model can well describe the relationships between AORsp and IC, N2ORsp and IC and N2ORsp 
and AORsp. The model prediction further reveals the different dependency of the AOB 
denitrification pathway and the NH2OH oxidation pathway on IC. With the increase of IC 
concentration, N2O production via the AOB denitrification pathway increased with a decreasing 
rate, while N2O production via the NH2OH oxidation pathway increased almost linearly (Figure 
3b). 
 
4.3. Model evaluation with experimental data from the partial nitritation system  
The experimental results obtained with the Partial Nitritation System are also used to evaluate 
the developed model. Similarly, two-step calibration is applied in the model calibration. The 
nitrogen data including ammonium, nitrite and nitrate profiles (Figure 4a) are first used to calibrate 
the ammonia oxidation related parameters. The N2O-related parameters are then calibrated 
according to the N2O data in Figure 4c&d. The obtained parameter values for the Partial Nitritation 
System are 20.5 mmol/hr/g VSS (rNH3,ox), 0.0175 mmol/g VSS (KMox) and 0.004 mmol/g VSS 
(KMred,2) respectively, which are very comparable with those for the Full Nitrification System (Table 
S1). The simulation results with this recalibrated model fit well with the experimental data (Figure 
4), indicating the developed model is also able to describe the N2O production data from the Partial 
Nitritation System. The NH2OH oxidation pathway is the predominant pathway for this culture 
under the experimental conditions applied (Figure 4d). 
 
5. Discussion  
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IC was experimentally demonstrated to be critical for nitrification (Jun et al., 2000; Green et al., 
2002; Wett and Rauch, 2003; Guisasola et al., 2007). Recently, Peng et al. (2015b) observed a 
linear dependency of N2O production by AOB on the IC concentration. However, none of the N2O 
models proposed to date have considered the role of IC on N2O production. Hence, these previous 
N2O models are not suitable for predicting N2O dynamics caused by IC variation. In contrast, the 
expanded N2O model proposed in this study recognizes the fact that the energy generated by NH3 
oxidation would be utilized for carbon (CO2) fixation via the CBB cycle for biomass growth and for 
maintenance (Poughon et al., 2001; Arp and Stein, 2003). The model links the catabolic and 
anabolic processes of AOB through the ATP/ADP pool for the first time. The developed N2O 
model explicitly considers the effect of IC on both AOR and N2OR. In this model, the variation of 
the IC concentration changes the overall carbon assimilation rate (Process 7 in Table 1) and in turn 
affects the ATP and ADP concentrations in the ATP/ADP pool. This alters the ATP and ADP 
balance that regulates the energy generating processes of ammonia oxidation, oxygen reduction and 
nitrite reduction (Process 1, 5, and 6 in Table 1), which affect both AOR and N2OR. The model 
calibration and validation results with the use of two different cultures demonstrate that the new 
N2O model is able to describe the N2O dynamics under various IC levels.  
It is at present unclear if energy is generated during nitrite reduction by AOB with N2O as the 
product. As three electrons are donated to NO2
- for its reduction to N2O and proton translocation is 
coupled with electron transportation (Poughon et al., 2001), it is possible that ATP synthesis occurs 
concomitantly with this step but this is yet to be confirmed. We performed sensitivity analysis to 
evaluate the impact of the energy yield of this step on the estimates of model parameters and on the 
fit between the model predictions and measured data. The model parameter values and outputs are 
found to be insensitive to this value. Based on this proposed model, the amount of energy 
potentially originating from nitrite reduction is less than 4% of the total amount of energy produced. 
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This implies that it is not critically important to precisely determine the energy yield arising from 
NO2
- reduction. 
For NH2OH oxidation, we assumed NO is a reaction intermediate. The reaction kinetics was 
initially modeled using the Michaelis−Menten equation (Ni et al., 2014). However, simulation 
studies indicate that this kinetic expression is unable to predict the linear relationship between 
N2OR and IC and the exponential relationship between N2OR and AOR. Therefore, we have 
applied a first-order kinetics that has been previously used in Law et al. (2012a) to describe the 
reduction of NO to N2O. 
The alkalinity concentration in a WWTP is mostly contributed by the inorganic carbon (i.e. 
bicarbonate), which varies considerably among different types of wastewater. The alkalinity in 
domestic wastewater is typically between 1.5 – 3.5 mmol C/L (Henze et al., 2002). The alkalinity in 
high-strength leachate, septic sludge, and digester supernatant can be as high as 20 mmol C/L 
(Henze et al., 2002). The alkalinity also varies spatially and/or temporarily in a WWTP due to the 
consumption and/or production of IC (Henze et al., 2002). For instance, the alkalinity in a partial 
nitritation system treating the reject water could drop rapidly from 20 mmol C/L to approximately 5 
mmol C/L due to the large demand for alkalinity by the oxidation of a high concentration of 
ammonium (Wett and Rauch, 2003; Guisasola et al., 2007). Therefore, the effect of alkalinity (or 
IC) in wastewater can not be neglected when quantifying N2O emissions from wastewater 
treatment. As demonstrated in this work, the proposed N2O model is able to predict AOR and N2OR 
dynamics under varying IC levels. Our model provides an opportunity to include the IC 
concentration as an important consideration in the design, operation, and optimization of biological 
nitrogen removal processes and potentially serves as a powerful tool for the estimation of the 
overall N2O emission factor and the development of mitigation strategies under dynamic 
operational conditions.  
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Increasing evidences show that both NO2
- and DO affect the relative contributions of the AOB 
denitrification pathway and the NH2OH oxidation pathway to N2O production by AOB (Peng et al., 
2014; Peng et al. 2015a). In this study, IC is revealed to be another important factor influencing the 
N2O production pathways (Figure 3b and 4d). For the Full Nitrification System (Figure 3b and 
Figure S2), with the increase of IC, N2O production via the AOB denitrification pathway increased 
with a decreasing rate, while N2O production via the NH2OH oxidation pathway increased almost 
linearly. The AOB denitrification pathway was the dominant pathway in the IC concentration range 
of 0.5 - 9.5 mmol C/L, whilst the NH2OH oxidation pathway became the main pathway when IC 
further increased from 9.5 to 11.6 mmol C/L. For the Partial Nitritation System (Figure 4d), the 
NH2OH oxidation pathway was the main contributor to N2O production, which is also consistent 
with previous studies by Ni et al. (2014) using the same AOB culture under similar conditions (DO 
of 0.55 mg O2/L; nitrite accumulation above 500 mg N/L; an initial IC concentration of 
approximately 6 mmol C/L). The IC variation causes changes of the ATP/ADP pool, exerting a 
feedback effect on the three ATP production processes (Process 1, 5 and 6 in Table 1) and thus 
indirectly inducing a shift between the two N2O production pathways. This proposed mechanism 
explaining the effects IC on the N2O production pathways is to be experimentally verified in future 
studies.  
 
6. Conclusions 
In this work, a new mathematical model with consideration of IC effect on N2O production by 
AOB is developed. The impact of IC is modeled by coupling AOB anabolic process to catabolic 
process with the use of ATP/ADP pools. The model evaluations were carried out based on 
experimental data obtained with two independent cultures, including a full nitrification culture and a 
partial nitritation culture. The model satisfactorily describes the N2O data from both systems at 
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varying IC concentrations and predicts that IC may play an important role in the shift of AOB 
denitrification pathway and NH2OH oxidation pathway.  
 
Acknowledgements  
We acknowledge the Australian Research Council (ARC) for funding support through Project 
LP0991765 and DP0987204. Dr Bing-Jie Ni acknowledges the support of the Australian Research 
Council Discovery Early Career Researcher Award DE130100451. 
 
Competing Interest 
The authors do not have any competing interests in relation to the word described. 
 
Reference: 
Anderson, J.H., 1964. The metabolism of hydroxylamine to nitrite by Nitrosomonas. Biochem. J. 
91, 8-17. 
Arp, D.J., Stein, L.Y., 2003. Metabolism of inorganic N compounds by ammonia-oxidizing 
bacteria. Crit. Rev. Biochem. Mol. 38, 471-495. 
Batstone, D.J., Pind, P.F., Angelidaki, I., 2003. Kinetics of thermophilic, anaerobic oxidation of 
straight and branched chain butyrate and valerate. Biotechnol. Bioeng. 84, 195-204. 
Chandran, K., Stein, L.Y., Klotz, M.G., van Loosdrecht, M.C.M., 2011. Nitrous oxide production 
by lithotrophic ammonia-oxidizing bacteria and implications for engineered nitrogen-removal 
systems. Biochem. Soc. T. 39, 1832-1837. 
 211 
 
Corominas, L., Flores-Alsina, X., Snip, L., Vanrolleghem, P.A., 2012. Comparison of different 
modeling approaches to better evaluate greenhouse gas emissions from whole wastewater 
treatment plants. Biotechnol. Bioeng. 109, 2854-2863. 
Futai, M., Noumi, T., Maeda, M., 1989. ATP synthase (H+-ATPase): results by combined 
biochemical and molecular biological approaches. Annu. Rev. Biochem. 58, 111-136. 
Ge, H., Jensen, P.D., Batstone, D.J., 2010. Pre-treatment mechanisms during thermophilic-
mesophilic temperature phased anaerobic digestion of primary sludge. Water. Res. 44, 123-130. 
Green, M., Ruskol, Y., Shaviv, A., Tarre, S., 2002. The effect of CO2 concentration on a nitrifying 
chalk reactor. Water. Res. 36, 2147-2151. 
Guisasola, A., Petzet, S., Baeza, J.A., Carrera, J., Lafuente, J., 2007. Inorganic carbon limitations on 
nitrification: experimental assessment and modelling. Water. Res. 41, 277-286. 
Guo, L., Vanrolleghem, P.A., 2014. Calibration and validation of an activated sludge model for 
greenhouse gases no. 1 (ASMG1): prediction of temperature-dependent N₂O emission 
dynamics. Bioprocess. Biosyst. Eng. 37, 151-163. 
Hagopian, D.S., Riley, J.G., 1998. A closer look at the bacteriology of nitrification. Aquacult. Eng. 
18, 223-244. 
Henze, M., Harremoes, P., Arvin, E., Jansen, J., 2002. Wastewater treatment: biological and 
chemical processes, 3rd ed.; Springer-Verlag Berlin Heidelberg. 
Henze, M., Gujer, W., Mino T., van Loosdrecht, M. C. M., 2000. Activated sludge models ASM1, 
ASM2, ASM2D and ASM3: scientific and technical report no. 9. IWA Task Group on 
Mathematical Modelling for Design and Operation of Biological Wastewater Treatment. 
Hooper, A.B., 1968. A nitrite-reducing enzyme from Nitrosomonas europaea Preliminary 
characterization with hydroxylamine as electron donor. Biochimica. et. Biophysica. Acta. 
(BBA)-Bioenergetics. 162, 49-65. 
 212 
 
IPCC, Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 
University Press: Cambridge, United Kingdom and New York, NY, USA, 2013; p 1535. 
Jiang, D., Khunjar, W.O., Wett, B., Murthy, S.N., Chandran, K., 2015. Characterizing the metabolic 
trade-off in Nitrosomonas europaea in response to changes in inorganic carbon supply. 
Environ. Sci. Technol. 49, 2523-2531. 
Jun, B.H., Tanji, Y., Unno, H., 2000. Stimulating accumulation of nitrifying bacteria in porous 
carrier by addition of inorganic carbon in a continuous-flow fluidized bed wastewater treatment 
reactor. J. Biosci. Bioeng. 89, 334-339. 
Kampschreur, M.J., Tan, N.C.G., Kleerebezem, R., Picioreanu, C., Jetten, M.S.M., Loosdrecht, 
M.C.M., 2007. Effect of dynamic process conditions on nitrogen oxides emission from a 
nitrifying culture. Environ. Sci. Technol. 42, 429-435. 
Kampschreur, M.J., Temmink, H., Kleerebezem, R., Jetten, M.S.M., Van Loosdrecht, M., 2009. 
Nitrous oxide emission during wastewater treatment. Water. Res. 43, 4093-4103. 
Kim, S.W., Miyahara, M., Fushinobu, S., Wakagi, T., Shoun, H., 2010. Nitrous oxide emission 
from nitrifying activated sludge dependent on denitrification by ammonia-oxidizing bacteria. 
Bioresource. Technol. 101, 3958-3963. 
Law, Y., Lant, P., Yuan, Z., 2011. The effect of pH on N2O production under aerobic conditions in 
a partial nitritation system. Water. Res. 45, 5934-5944. 
Law, Y., Ni, B.-J., Lant, P., Yuan, Z., 2012a. N2O production rate of an enriched ammonia-
oxidising bacteria culture exponentially correlates to its ammonia oxidation rate. Water. Res. 
46, 3409-3419. 
Law, Y., Ye, L., Pan, Y., Yuan, Z., 2012b. Nitrous oxide emissions from wastewater treatment 
processes. Philos. T. R. Soc. B. 367, 1265-1277. 
 213 
 
Mampaey, K.E., Beuckels, B., Kampschreur, M.J., Kleerebezem, R., van Loosdrecht, M.C., Volcke, 
E.I., 2013. Modelling nitrous and nitric oxide emissions by autotrophic ammonia-oxidizing 
bacteria. Environ. Technol. 34, 1555-1566. 
Ni, B.J., Peng, L., Law, Y., Guo, J., Yuan, Z., 2014. Modeling of nitrous oxide production by 
autotrophic ammonia-oxidizing bacteria with multiple production pathways. Environ. Sci. 
Technol. 48, 3916-3924. 
Ni, B.J., Ruscalleda, M., Pellicer-Nàcher, C., Smets, B.F., 2011. Modeling nitrous oxide production 
during biological nitrogen removal via nitrification and denitrification: extensions to the 
general ASM models. Environ. Sci. Technol. 45, 7768-7776. 
Ni, B.J., Ye, L., Law, Y., Byers, C., Yuan, Z., 2013a. Mathematical modeling of nitrous oxide 
(N2O) emissions from full-scale wastewater treatment plants. Environ. Sci. Technol. 47, 7795-
7803. 
Ni, B.J., Yuan, Z., Chandran, K., Vanrolleghem, P.A., Murthy, S., 2013b. Evaluating four 
mathematical models for nitrous oxide production by autotrophic ammonia-oxidizing bacteria. 
Biotechnol. Bioeng. 110, 153-163. 
Nicholls, D. G. and Ferguson, S., 2013. Bioenergetics. London: Academic Press. 
Peng, L., Ni, B.J., Erler, D., Ye, L., Yuan, Z., 2014. The effect of dissolved oxygen on N2O 
production by ammonia-oxidizing bacteria in an enriched nitrifying sludge. Water. Res. 66C, 
12-21. 
Peng, L., Ni, B.J., Ye, L., Yuan, Z., 2015a. The combined effect of dissolved oxygen and nitrite on 
N2O production by ammonia oxidizing bacteria in an enriched nitrifying sludge. Water. Res. 
73C, 29-36. 
 214 
 
Peng, L., Ni, B.J., Ye, L., Yuan, Z., 2015b. N2O production by ammonia oxidizing bacteria in an 
enriched nitrifying sludge linearly depends on inorganic carbon concentration. Water. Res. 
74C, 58-66. 
Poughon, L., Dussap, C.G., Gros, J.B., 2001. Energy model and metabolic flux analysis for 
autotrophic nitrifiers. Biotechnol. Bioeng. 72, 416-433. 
Ravishankara, A.R., Daniel, J.S., Portmann, R.W., 2009. Nitrous oxide (N2O): the dominant ozone-
depleting substance emitted in the 21st century. Science. 326, 123-125. 
Spérandio, M.; Pocquet, M.; Guo, L.; Vanrolleghem, P.; Ni, B. J.; Yuan, Z. Calibration of nitrous 
oxide production models with continuous long-term process data. In: The 4th IWA/WEF 
Wastewater Treatment Modelling Seminar (WWTmod2014), 27 March - 2 April, 2014, Spa, 
Belgium 
Stein, L.Y., 2011. Surveying N2O-producing pathways in bacteria. Methods. Enzymol. 486, 131-
152. 
Stein, L.Y., Arp, D.J., Berube, P.M., Chain, P.S., Hauser, L., Jetten, M.S., Klotz, M.G., Larimer, 
F.W., Norton, J.M., Op den Camp, H.J., Shin, M., Wei, X., 2007. Whole-genome analysis of 
the ammonia-oxidizing bacterium, Nitrosomonas eutropha C91: implications for niche 
adaptation. Environ. Microbiol. 9, 2993-3007. 
Vadivelu, V.M., Keller, J., Yuan, Z., 2006. Effect of free ammonia and free nitrous acid 
concentration on the anabolic and catabolic processes of an enriched Nitrosomonas culture. 
Biotechnol. Bioeng. 95, 830-839. 
Wett, B., Rauch, W., 2003. The role of inorganic carbon limitation in biological nitrogen removal of 
extremely ammonia concentrated wastewater. Water. Res. 37, 1100-1110. 
Wiesmann U., 1994. Biological nitrogen removal from wastewater. In: Fiechter A, editor. Advances 
in biochemical engineering/biotechnolo-gy. Vol. 51. Berlin: Springer-Verlag. 113-154.  
 215 
 
Yu, R., Kampschreur, M.J., Loosdrecht, M.C.M., Chandran, K., 2010. Mechanisms and specific 
directionality of autotrophic nitrous oxide and nitric oxide generation during transient anoxia. 
Environ. Sci. Technol. 44, 1313-1319. 
Yuan, Z., Pratt, S., Zeng, R.J., Keller, J., 2006. Modelling biological processes under anaerobic 
conditions through integrating titrimetric and off-gas measurements-applied to EBPR systems. 
Water. Sci. Technol. 53, 179-189. 
Zeng, R.J., van Loosdrecht, M.C., Yuan, Z., Keller, J., 2003. Metabolic model for glycogen-
accumulating organisms in anaerobic/aerobic activated sludge systems.. Biotechnol. Bioeng. 
81, 92-105. 
 216 
 
Table 1. The N2O model coupling catabolism and anabolism of AOB.  
Variable 
Process 
SO2 SNH3 SNH2OH SNO2 SNO SN2O SCO2 Biomass SMox SMred SADP SATP Kinetic rate expressions 
mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L 
mmol 
/L 
mmol/g 
VSS 
mmol/g 
VSS 
mmol/g 
VSS 
mmol/g 
VSS 
 
1-R1 -1 -1 1      1 -1 -2/3 2/3 
 
2-R2   -1  1    -3/2 3/2    
3-R3    1 -1    -1/2 1/2    
4-R4     -1 1/2   1/2 -1/2    
5-R5 -1/2        1 -1 -1/3 1/3  
6-R6    -1  1/2   1 -1 -1/3 1/3  
7-R7       -1 1 2 -2 15 -15  
rNH 3,ox
SO2
KO2,NH 3 +SO2
SNH 3
KNH 3 +SNH 3
SMred
KMred,1 +SMred
SADP
KADP + SADP
XAOB
AOB
MoxMox
Mox
OHNHOHNH
OHNH
oxOHNH X
SK
S
SK
S
r
 22
2
,2
rNO,ox
SNO
KNO,ox + SNO
SMox
KMox + SMox
XAOB
rNO,redSNO
rO2,red
SO2
KO2,red +SO2
SMred
KMred,2 +SMred
SADP
KADP + SADP
XAOB
rNO2,red
SNO2
KNO2 +SNO2
SMred
KMred,3 + SMred
SADP
KADP + SADP
XAOB
rCO2
SCO2
KCO2 +SCO2
SMred
KMred,4 +SMred
SATP
KATP + SATP
XAOB
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8              
9              
Note: (1) ATP yield has been incorporated to the biochemical reactions with proton translocations in the model matrix; (2) A Haldane-type inhibition term ((SNO2)/(KNO2 + SNO2+(SNO2)2/KI,NO2)) with 
KI,NO2 being an extra parameter is applied for the enriched AOB culture II since the experimental data from Culture II clearly demonstrated an inhibitory effect of high levels of NO2− on N2O production; 
(3) a first-order kinetics is used to describe the conversion of NO produced by NH2OH oxidation to N2O in this model. 
SMred +SMox =Ctot,1
SADP +SATP =Ctot,2
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FIGURE LEGENDS 
 
Figure 1. A simplified representation of the biochemical reactions involved in the catabolic and 
anabolic processes of AOB. 
Figure 2. Model calibration results using the N2O production data from the CO2-stripping tests in 
the Full Nitrification System. 
Figure 3. Model validation results using the N2O production data from the batch tests with IC 
controlled at different levels in the Full Nitrification System.  
Figure 4. Model evaluation results using experimental data from the Partial Nitritation System. 
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Figure 1. A simplified representation of the biochemical reactions involved in the catabolic and 
anabolic processes of AOB. 
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Figure 2. Model calibration results using the N2O production data from the CO2-stripping tests in 
the Full Nitrification System. 
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Figure 3. Model validation results using the N2O production data from the batch tests with IC 
controlled at different levels in the Full Nitrification System.  
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Figure 4. Model evaluation results using experimental data from the Partial Nitritation System. 
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Table S1. Kinetic and stoichiometric parameters of the Developed N2O model 
Parameter Definition Values for 
Culture I 
Values for 
Culture II 
Unit Source 
oxNHr ,3  
Maximum ammonia oxidation 
rate  
14.75 20.5 mmol/(g-VSS*h) 
Ni et 
al.1/estimated 
oxOHNHr ,2  
Maximum NH2OH oxidation 
rate 
22.86 22.86 mmol/(g-VSS*h) Ni et al.1 
rNO,ox  Maximum NO oxidation rate 13.42 13.42 mmol/(g-VSS*h) Law et al.
2 
redOr ,2  
Maximum oxygen reduction 
rate 
48.02 48.02 mmol/(g-VSS*h) Ni et al.1 
redNOr ,2  
Maximum nitrite reduction 
rate 
3.06 3.06 mmol/(g-VSS*h) Ni et al.1 
rNO,red  Maximum NO reduction rate 6×10
-2 6×10-2 mmol/(mmol*h) Estimated 
rCO2  Maximum CO2 fixation rate 0.34 0.34 mmol/(g-VSS*h) Estimated 
3,2 NHOK  
Oxygen affinity constant for 
ammonia oxidation 
1.9×10-2 1.9×10-2 mmol-O2/L Ni et al.1 
3NHK  
Ammonia affinity constant for 
ammonia oxidation 
1.7×10-1 1.7×10-1 mmol-N/L Ni et al.1 
OHNHK 2  
NH2OH affinity constant for 
NH2OH oxidation 
5×10-2 5×10-2 mmol-N/L Ni et al.1 
KNO,ox  
NO affinity constant for NO 
oxidation 
5×10-2 5×10-2 mmol-N/L Law et al.2 
redOK ,2  
Oxygen affinity constant for 
oxygen reduction 
1.9×10-3 1.9×10-3 mmol-O2/L Ni et al.1 
2NOK  
Nitrite affinity constant for 
nitrite reduction 
1×10-2 1×10-2 mmol-N/L Ni et al.1 
KCO2  
CO2 affinity constant for 
carbon fixation 
2.35 2.35 mmol-N/L Peng et al.
3
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MoxK  
SMox affinity constant for 
NH2OH and NO oxidation 
1.9×10-2 1.75×10-2 mmol/g-VSS Estimated 
1,MredK  
SMred affinity constant for 
ammonia oxidation 
1×10-3×Ctot 1×10-3×Ctot mmol/g-VSS Ni et al.1 
KMred,2  
SMred affinity constant for 
oxygen reduction  
6×10-3 4.0×10-3 mmol/g-VSS Estimated 
KMred,3  
SMred affinity constant for 
nitrite reduction 
1.8×10-2 1.8×10-2 mmol/g-VSS Estimated 
KMred,4  
SMred affinity constant for cell 
growth 
1×10-3×Ctot 1×10-3×Ctot mmol/g-VSS Assumed 
KATP  
SATP affinity constant for 
ATPase 
2.6×10-3 2.6×10-3 mmol/g-VSS Estimated 
KADP  
SADP affinity constant for ATP 
synthase 
1.43×10-2 1.43×10-2 mmol/g-VSS Estimated 
2, NOIK  
Nitrite inhibition constant for 
nitrite reduction 
-- 3.45 mmol/L Ni et al.1 
Ctot,1 
The sum of SMred and SMox, 
which is a constant 
1×10-2 1×10-2 mmol/g-VSS Ni et al.1 
Ctot,2  
The sum of SADP and SATP, 
which is a constant 
3×10-2 3×10-2 mmol/g-VSS Eigener et al.4 
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Figure S1. An expamle of model validation results using experimental data from one batch test 
with constant IC of 4.1 mmol C/L. 
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Figure S2. Summary of model calitration and validation results using experimental data from two 
sets of batch tests in Nitrificaiton System (open symbols: experimental data from CO2-stripping 
tests; solid symbols: experimental data from batch tests with controlled IC; solid line: model 
prediction of AORsp or total N2ORsp; dash line: predicted N2ORsp via NH2OH oxidation pathway; 
dash dot line: predicted N2ORsp via AOB denitrification pathway). 
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Figure S3. 95% confidence regions for the parameter combinations among the key model 
parameters for the N2O production processes by AOB with the best fits in the center, as well as their 
standard errors: (a) rCO2 vs. KATP; (b) KADP vs. KATP; (c) KMox vs. KMred,3; (d) rNO,red vs. KMred,3; (e) 
rNO,red vs. KMox; (f) KMred,2 vs. KMox. 
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